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Shallow seamounts are becoming increasingly recognised as key habitats for conservation due to their role as
biological refuges, particularly throughout oligotrophic oceans. Traditionally, Taylor caps have been invoked as
the mechanism driving biomass aggregation over seamounts but emerging evidence based on higher resolution
measurements highlights the importance of internal waves (IW) to the local ecosystem. These waves can flush the
benthic habitat with cool water from depth and impact on nutrient supply over short time scales through tur-
bulent mixing that may also influence fish behaviour. They are dependent on the regional stratification, however,
and thus influenced by planetary-scale variability in oceanographic conditions. We present here detailed ob-
servations of the internal wave regime over a shallow seamount, called Sandes, in the central Indian Ocean
throughout different phases of the Indian Ocean Dipole (IOD) that modulated the regional stratification. A deep
thermocline, caused by the 2019 IOD event precluded internal wave activity over the summit, whereas a ther-
mocline collocated with the summit during 2020 when the IOD reversed polarity resulted in a 30 m amplitude
internal tide signal (t ~ 12.5 h). A shallow thermocline, observed during 2022, resulted in propagation of IWs
over the summit with less visible internal tide. Harmonic analysis shows the presence of high frequency waves (t
~ 15 min) on both flanks of the seamount during 2020 & 2022, which are likely a result of local shear instability,
whereas 2019 shows an asymmetric response, potentially due to the strong background current and suppression
of the thermocline beneath the depth of the summit. The potential importance of the waves over the summit to
the local ecosystem may be attributed to the elevated turbulence measured at the thermocline during internal
wave propagation, with € > 10> W kg-1 routinely observed. Our results highlight the ability of thermocline
depth to act as a gating condition for internal wave evolution over the summit. These results show that, whilst
the water column exhibits variability at short spatiotemporal scales compared to the frequently cited Taylor cap
dynamics, it is also regulated by the wider basin scale processes. Thus, a more integrated approach is needed
when assessing these dynamic and environmentally critical habitats to include the effects of physical oceano-
graphic controls across multiple spatiotemporal scales.

1. Introduction

Shallow seamounts are widely recognised as biological hotspots that
host thriving ecosystems (Morato et al., 2010). These seamounts are
numerous throughout the world’s oceans, with recent estimates based
on global SRTM v.11 bathymetry placing the total number of seamounts
and pinnacles at over 30,000, with approximately 2000 of these
extending as shallow as 200 m below the surface, and therefore likely to
enter into the euphotic zone (Yesson et al., 2020, 2011). The Interna-
tional Hydrographic Organisation defines a seamount as an elevation
over 1000 m (International Hydrographic Organization, 2019), meaning

* Corresponding author.

that despite being previously defined as a seamount (Hosegood et al.,
2019) Sandes is more physically characteristic of a pinnacle standing
only 600 m tall (Harris, 2007; Staudigel et al., 2010). Seamounts and
pinnacles have, however, previously been considered largely analogous
from an ecosystem and biodiversity perspective (Galbraith et al., 2022),
despite the potential for vastly different physical scales, and as such are
often studied as a collective.

Due to the low resolution of global bathymetry datasets, the esti-
mated global seamount count is likely to be a significant underestimate
and is unlikely to resolve small pinnacles such as those found throughout
the tropics. Despite their recognised importance to the marine
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ecosystem, several reviews have highlighted our poor understanding of
the dynamical regime that influences, and potentially controls, these
habitats despite their abundance throughout the world’s oceans (Clark
et al., 2012; Lavelle and Mohn, 2010; McClain, 2007; Rowden et al.,
2010). Many of these deficiencies can be attributed to the practical
challenges surrounding the sampling of these highly localised, subsur-
face regimes, but also their geographic isolation. Due to these factors
conducting observational studies with in-situ observations becomes
resource intensive but remains necessary to build a robust characteri-
sation of the dynamic conditions that enable these habitats to host a rich
variety of species. Whilst several studies allude to the dynamics sur-
rounding seamounts which may be responsible for the localised biomass
aggregation, they are predominantly reliant on coarse scale measure-
ments (e.g.Campanella et al., 2021; Ma et al., 2021; Domokos, 2022). As
such they are unlikely to capture data at the temporal scale of the dy-
namics which are ubiquitous in these energetic environments, nor
resolve fine scale spatial variability within ecosystems.

In the absence of widespread, purposeful measurements over sea-
mounts of varying scales, multiple mechanisms have been posited as
being responsible for the local increase in biomass at seamounts. Early
theories on the dynamics over these seamounts centred on processes
which evolve over longer time scales, such as the formation of Taylor
caps and the generation of upwelling, although in-situ observations are
limited in scope and rarely present irrefutable evidence of persistent
upwelling of nutrients (Boehlert and Genin, 1987; Brechner Owens and
Hogg, 1980). However, without measurements which can resolve the
high frequency processes over the seamount, the isolation of the actual
drivers is difficult due to the risk of aliasing in low resolution datasets
(Domokos, 2022; Galbraith et al., 2022; Ma et al., 2021), for example
inversion of the tidal flow may appear as circular flow in slow sampling
datasets.

Whilst the slow geostrophic flows observed over large-scale deep
seamounts may be compatible with Taylor cap formation (Campanella
et al., 2021; Domokos, 2022), shallow seamounts (in this instance sea-
mounts with summits < 200 m in depth) tend to exhibit a physical
regime that is comparatively more energetic at short time scales. These
shallow seamounts do not tend to exhibit the slow and steady flow
required for the persistence of Taylor caps (Chapman and Haidvogel,
1992; Stevens et al., 2014). Their steeper topography and small summits
are likely to result in larger Rossby numbers which are parametrically
less compatible with Taylor cap formation, and as Coriolis force plays a
key role in Taylor caps initiation, they are also less likely to form in a
stable manner near the equator where the Coriolis force is comparatively
small (Chapman and Haidvogel, 1992).

Furthermore, at the scale of pinnacles, the short horizontal distances
associated with the summit mean that any local upwelling would be
rapidly transported away from the summit, producing a signal down-
stream of the summit resembling the surface wakes formed by the Island
Mass Effect (Genin, 2004; Turnewitsch et al., 2016). Recent findings
have thus focused on the energetic processes that dominate at these
seamounts, such as internal waves, eddies, and turbulence (Dewey et al.,
2005; Hosegood et al., 2019; Read and Pollard, 2017; Van Haren et al.,
2017).

Internal waves are frequently observed at these steep sloped sea-
mounts (Hosegood et al., 2019; Mohn et al., 2021; Read and Pollard,
2017; Toole et al., 1997; Van Haren et al., 2017) and are capable of
vertically advecting cold water from below the mixed layer into the
euphotic zone over short timescales. In the Indian Ocean, and equatorial
region in general, internal waves are likely to exert the greatest influ-
ence on the ecosystem in the upper ocean due to the strong thermocline.
The thermocline itself exhibits variability over seasonal timescales
(Burns and Subrahmanyam, 2016), which within the archipelago is
primarily driven by the monsoon, and over interannual timescales by the
Indian Ocean Dipole, one of the major basin scale ocean-atmosphere
processes in the Indian Ocean (Diaz et al., 2023; Liu et al., 2022; Rob-
inson et al., 2023).

Progress in Oceanography 228 (2024) 103323

Internal waves are also capable of transporting and concentrating
plankton into patches (Franks, 1995; Franks et al., 2020; Lennert-Cody
and Franks, 2002, 1999) directly affecting lower trophic level food
source distributions. Seamounts which extend into the photic zone also
trap vertically migrating zooplankton during sunrise, when the
seamount summit is shallower than the Deep Scattering layer from
which zooplankton rise at dusk to prey on phytoplankton near the sur-
face (Cascao et al., 2019). Additionally, the multiple degree temperature
variability which internal waves can induce is likely to impact on sen-
sitive benthic coral communities which inhabit these tropical regions
(Diaz et al., 2023; Reid et al., 2019; Wyatt et al., 2020).

Here we explore seasonal and interannual variations in the internal
wave field at Sandes Seamount (hereafter referred to as Sandes), a
shallow pinnacle situated in the Chagos Archipelago in the Central In-
dian Ocean (Fig. 1). Previous observations have demonstrated the
seamount to be an important ‘hot-spot* for sharks throughout the region
and suggested internal waves may be responsible for aggregating prey
(Hosegood et al., 2019).

The summit of Sandes sits at a depth of approximately 70 m, is
relatively flat, and 2.2 km along the longest (Southwestern) edge. The
flanks of the seamount are steep, with slope angles above 50° and
therefore supercritical to internal tides at diurnal and semidiurnal fre-
quencies (Hosegood et al., 2019). Sandes has been the subject of pre-
vious studies which have highlighted the potential role of internal waves
in promoting biomass aggregation (Hosegood et al., 2019) but focussed
on environmental conditions during which the thermocline intersected
the seamount summit. In this paper, we present a range of observational
evidence to demonstrate the heterogenous impact of internal waves over
the seamount, and the modulation of the internal wave regime by basin-
scale changes in stratification arising from the influence of the Indian
Ocean Dipole. The overall aim of this paper is to elucidate the primary
control of internal waves on the biophysical regime over this and similar
seamounts alongside their susceptibility to the influence of background
changes in water properties and currents.

This paper is structured as follows, firstly the theory relating to in-
ternal wave is presented to highlight the pivotal role played by the steep
slopes typical of these shallow pinnacles, as well as the background
stratification. Secondly the methodology and data collection are
detailed, as well as the background meteorological conditions based on
regional scale models. We then highlight why Sandes and equivalent
features throughout the oceans are unlikely to enable the formation of
Taylor caps before presenting evidence of internal wave activity and
demonstrating its variability over time. These results are further sup-
ported by both frequency domain analysis and quantification of local
turbulence and mixing generated by the IW over the seamount summit.
Finally, we contextualize these results within the growing body of work
focused on high frequency dynamics at seamounts, to expand the un-
derstanding of how these short period processes evolve over longer time
scales in the presence of variable stratification.

2. Influence of stratification and bathymetric slope on internal
wave evolution

The strength of the background stratification dictates the charac-
teristic slope of internal waves and their subsequent generation over,
and interaction with, the slopes surrounding seamounts. Additionally,
the local buoyancy frequency, N? = g/p,dp/5z where p is the in-situ
density and g is the gravitational acceleration, acts as the upper
boundary for the internal wave frequency, with the local Coriolis fre-
quency, f = 2Qsin0 where Q is the Earth’s angular velocity and 6 is the
latitude, being the lower limit.

At steep sloped seamounts like Sandes the oscillatory flow over the
summit with the tide can result in the generation of lee waves on the
downstream flank. The regime within which these waves fall is governed
by two key parameters. The first parameter is the intrinsic frequency,
Upk, where Uy is the flow velocity and k is the horizontal wavenumber,
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Fig. 1. Chart of the (a) Indian Ocean, and (b) Chagos Archipelago based of the 2022 GEBCO grid (GEBCO Compilation Group (2023) GEBCO 2023 Grid (https://doi.
org/10.5285/f98b053b-0cbc-6¢23-e053-6¢86abc0af7b)) (c) High resolution multibeam bathymetry of Sandes Seamount, showing steep slopes on each of the flanks

(collected during the November 2019 expedition). Contours at 50 m intervals.

and the lee-wave Froude number, Fr! = N ho/Up, where hy is the height
of the obstruction relative to the surrounding seafloor (Klymak et al.,
2010; Legg, 2021), and the formation of non-linear internal waves is
expected when Fr'! > 1. Comprehensive reviews of lee wave regimes and
internal tide generation can be found in Legg (2021), and Garrett and
Kunze (2007), but in summary the scenarios presented herein cover
moderate flows and strong stratification, are likely to result in the
generation of strongly nonlinear internal lee waves (Klymak et al., 2010)
given the approximate Fr'! value over the summit of 6 based on N = 2.5
x 10°m, hg = 600, and Uy = 0.25.

The generation of internal tides (which are internal waves forced at
tidal frequencies) is possible at a wide range of slopes, with ridge like
features generally being more effective generators than isolated sea-
mounts and islands (Holloway and Merrifield, 1999). Recent observa-
tions have shown that internal tides are almost ubiquitous throughout
the world’s oceans (Miiller et al., 2012; Zhao, 2018). Satellite altimetry
shows the presence of internal tides along the Chagos-Laccadive ridge,
on which Sandes is situated, and in particular highlights the central
Indian Ocean as a ‘hotspot’ for diurnal internal tides (Shriver et al.,
2012).

The interactions between incoming internal waves and topography
are governed by the relationship between the slope of the internal wave,

defined as 7y, = K(w2 —f2)/(N?

forcing frequency (LeBlond and Mysak, 1978), and the slope of the
seabed yggp. For incoming waves interacting with topography, subcrit-
ical slopes (yggp/7iw< 1) will result in upslope reflection of the wave,
supercritical slopes (yggp/7;w> 1) result in partial offshore reflection of
the wave, and critical slopes (ygpp/yiw= 1) result in the decomposition
and breaking of the wave in a nonlinear fashion (Hall et al., 2013).

At supercritical slopes, mechanisms for inducing turbulence and
mixing include strong wave breaking activity (van Haren, 2023), and the
generation of upslope propagating boluses (Lamb, 2014). The incident
reflection of the internal tide has also been linked to elevated turbulence
at these steep slopes (Hamann et al., 2020). These localised areas of
enhanced mixing due to turbulence may be responsible for driving the
increase in high trophic level aggregation which is seen over the slopes
at some seamounts (Campanella et al., 2021).

With the study site situated at ~—7° N, the frequency band in which
internal wave activity is sustainable spans a range of ~97 h - 130 s (f —

1/2
wz))] , where o is the wave

Nmax)- Due to the strong stratification, internal waves forced by the M,
tide have shallow slopes relative to the local bathymetry with typical
slopes <2° relative to the >50° seamount topography slope. A com-
parison of the local wave slope based on the stratification profile against
the local bathymetry in both November 2019 and March 2020 shows
that, apart from the plateau of the summit, the seamount is almost
exclusively supercritical (Fig. 2) making the conversion of the local tidal
energy into internal waves ineffective across much of the seamount
flank.

3. Methodology

Data were collected during three research cruises to the Chagos ar-
chipelago in November 2019, March 2020, and March 2022. During
each cruise, several near-bed, and subsurface taut line moorings were
deployed over the summit and flanks of Sandes, to resolve with high
temporal and vertical resolution the evolution of internal waves over a
transect spanning the summit. Additionally, profiling measurements
were made with a RBR Maestro CTD in 2019 and 2020, and with a
combination of RBR Maestro CTD and a Sea & Sun MSS 90 multipa-
rameter profiler for turbulence measurements during 2022.

3.1. In-situ observations: Moored measurements

Moorings were deployed along a transect aligned, approximately,
from east to west to be in line with the semi-major axis of the M tidal
constituent (Hosegood et al., 2019) and the prevailing westwards South
Equatorial Current (SEC) (Fig. 3). The overall goal of the mooring array
was to capture the evolution of internal waves over and around the
summit because of the interaction between tidal and background cur-
rents, and the seamount flanks. Details of the moorings are presented in
Table 1.

All moorings were subsurface, taut line moorings equipped with a
variety of acoustic-Doppler current profilers (ADCP) and temperature
sensors. RDI Workhorse Monitor, Nortek Signature, and Nortek Aqua-
dopp ADCPs were deployed, alongside RBR Solo®T and SBE 56 tem-
perature sensors, as well as Starmon TD, and RBR Concerto CTD sensors
for depth information. The mooring transects in 2019 and 2022
extended from 150 m depth either side of the summit, thereby capturing
the behaviour of the thermocline even during the exceptional conditions
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Southeast alignment in line with the previously reported tidal flow. Contours at
50 m intervals. Annotated with M2 major axis as reported in Hosegood (2019).

of 2019. The 2020 transect had a reduced extent and only covered up to
90 m on the flanks of the summit.

A long-term mooring consisting of a Nortek Signature 500 ADCP was
deployed on the western flank of Sandes between November 2019 and
March 2020 for 106 days, providing velocity profiles at 10-minute in-
tervals with a 2 m vertical resolution.

Moored ADCP data were filtered to remove data with correlation
values < 40 % due to the clear-water conditions reducing correlation. In
March 2022 the Nortek Signature 500 kHz ADCP sampled with velocity
burst sampling at 1 Hz with a 0.5 m vertical bin size, and was bin
averaged to 30 s samples for analysis using Ocean Contour. Echosounder
data were collected using the central beam of the ADCP at 1 Hz with a 6
mm vertical resolution and were bin averaged to an 18 mm vertical and
10 s temporal resolution for analysis, a logarithmic decay correction was
applied to normalise the signal gain over the water column.

Table 1
Mooring timings and structure overview.

Mooring Depth Start End Duration Type

D (m) Time Time (Days)

19.1 155 14/11/ 23/11/ 9.0 ADCP-+Thermistor
2019 2019
17:51 17:00

19.2 80 15/11/ 23/11/ 8.4 ADCP-+Thermistor
2019 2019
08:10 18:00

19.3 79 14/11/ 22/11/ 7.9 ADCP-+Thermistor
2019 2019
13:50 11:55

19.4 125 15/11/ 24/11/ 8.9 ADCP+Thermistor
2019 2019
09:30 06:43

20.1 80 07/03/ 18/03/ 10.5 ADCP+Thermistor
2020 2020
18:38 07:20

20.2 90 07/03/ 18/03/ 10.6 ADCP+Thermistor
2020 2020
17:44 08:14

22.1 94 15/03/ 28/03/ 12.8 ADCP+Thermistor
2022 2022
14:22 08:30

22.2 71 19/03/ 28/03/ 8.7 ADCP
2022 2022
17:14 09:10

22.3 84 15/03/ 28/03/ 12.8 ADCP+Thermistor
2022 2022
12:28 08:06

LT 104 02/12/ 18/03/ 106.5 ADCP
2019 2020
18:30 06:50

The thermistors on all moorings logged at 1 Hz on a common time
frame and were cleaned with a 5-point 1-deviation Hampel filter in the
time domain.

3.2. Ship-based measurements: Conductivity-Temperature-Depth (CTD),
turbulence, and vessel mounted ADCP (VMADCP)

Vertical CTD profiles were taken at irregular intervals during 2019
and 2020 to characterise the background stratification. Buoyancy
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frequency values from CTD profiles were calculated based on 0.5 m bin
averaged upcast data, with an initial sample rate of 12 Hz. Resulting
data were further processed with a 5-point running mean window to
reduce the impact of sensor noise.

During 2022, three complete transects were conducted along the
mooring array to measure standard CTD parameters and turbulence
properties using a Sea and Sun MSS90 profiles with twin shear probes,
sampling at 1024 Hz in a free-falling configuration. Between 9 and 11
stations were sampled and the transects were completed with a period
of <2.5 h, enabling the results to be viewed as a quasi-instantaneous
realisation of the cross-summit properties, however it is important to
note that whilst it forms a small subset of the 12.5 h semi-diurnal tide,
there will still be some tidal evolution present over the course of a
transect. Dissipation rates of turbulent kinetic energy (TKE, €), were
estimated according to Oakey (1982):

e = 7.5v((0u /02)?) (€]

where v is the kinematic viscosity, and ((du/dz)?) is the variance in
gradient of horizontal shear fluctuations over the vertical profile. The
measurements of TKE from each shear probe were then averaged
together to give a single profile.

A Nortek Signature 100 VMADCP was used to collect repeat under-
way transects of current velocity and acoustic echo amplitude over the
summit. Transects were repeated in a bowtie form over a 24-hour
period. Velocity corrections were provided by a dual antenna GNSS
system, and motion corrections by the internal AHRS on the ADCP.
Validation of the offsets was performed in the Nortek Signature VM
Review and averaged over 3 bowtie transects. VMADCP data were
cleaned with a 5-point, 1 deviation Hampel Filter, and a 3-point moving
mean.

Susceptibility of the water column to overturning and mixing
through shear instability was estimated using the Richardson number,
Ri = N2/$2, where $% = (5u/52)> +(5v/62)* where u and v are eastward
and northward velocities respectively. Values below the critical
threshold of 0.25 indicate a water column that is unstably stratified and
susceptible to overturning.

3.3. Indian ocean dipole index

To identify the influence of basin-scale changes in stratification on
the internal wave regime, the state of the IOD was evaluated using the
NOAA Ocean Observations Panel for Climate Dipole Mode Index (DMI)
dataset. The DMI is calculated based on the anomalous sea surface
temperature (SST) gradient between the western equatorial Indian
Ocean, and the south-eastern equatorial Indian Ocean as defined by Saji
et al. (1999) with a climatology based on 1981-2010 (NOAA, 2023).

3.4. Argo data

Argo data is presented from float & profile ID 2902290_021, chosen
for its relative proximity to the archipelago at the time of our mea-
surements in 2020. Data were upscaled via linear interpolation to match
the 0.5 m resolution of the CTD data. These data are only used to provide
context when comparing stratification states (Fig. 5) and are not used in
any further calculations.

4. Results

4.1. Background conditions, tidal dynamics, and variability through
monsoonal and IOD driven thermocline evolution

During late 2019, one of the most extreme positive IOD events on
record caused a deepening of the thermocline over the archipelago and
the establishment of elevated and sustained westward currents. An
anomalous surface layer nearly 100 m thick was created and which

Progress in Oceanography 228 (2024) 103323

prohibited the generation and propagation of internal waves over the
summit of Sandes (Du et al., 2020; Lu and Ren, 2020). During subse-
quent months, the IOD relaxed into a more typical state, enabling the
thermocline to recover to standard depths of ~ 60 m and supporting
internal waves over the summit of Sandes.

In this paper, we present observations from three stratification states
during which research cruises were conducted to monitor the impact of
internal waves over a shallow seamount: Deep (100 m) in November
2019, Intermediate (70 m) in March 2020, and Shallow (40 m) in March
2022. November 2019 followed a record high IOD index of 3.1, March
2020 followed a brief and mild negative IOD with a peak index of —0.78,
and March 2022 followed an extended ~5-month period of negative IOD
with a mean index of —0.45 between October 2021 and March 2022
(Fig. 4).

Modelling studies have shown that the positive 2019 IOD event
generated exceptionally deep surface mixed layers (Lu and Ren, 2020).
In-situ CTD profiles taken near the summit of Sandes confirm that over
the period of the cruises, stratification varied considerably (Fig. 5). The
upper edge of the thermocline (taken here as the 28 °C isotherm) seen in
CTD profiles was located at 95 m in November 2019, 70 m in March
2020 and 45 m in March 2022. Peak N2 was observed at 107 m depth in
November 2019 (N = 2.3 x 10®) and at 48 m in March 2022 (N* = 2.6
x 10°%). An estimate of the corresponding value in 2020 was made using
the deepest CTD profile and ARGO data, resulting in the peak stratifi-
cation at ~ 85 m.

A comparison of in-situ data from moorings on the western summit of
Sandes during each period (<100 m location difference between the
deployments) reveals the impact of the background stratification on the
thermal regime (Fig. 6). November 2019 shows a summit inundated
with high temperature (>29 °C) surface characteristic water, whereas
March 2020 shows water ~27.5 °C over the summit of the seamount at
~ 80 m with additional periodic cooling observed. During March 2022,
the thermocline was located above the summit, at 48 m depth, with
cooler water from below the thermocline continuously present over the
summit. This results in a 6.2 °C change in mean temperature at 70 m
depth (the shallowest depth over the summit) between 2019 and 2022.
Between 16/11/19-23/11/19 the summit experienced a mean temper-
ature of 28.8 °C compared to 22.6 °C between 16/03/22-23/03/22.

Due to the prominent role of the barotropic tide in forcing internal
waves, attempts were made to isolate the dominant tidal constituents,
along with their variability over the seamount. Velocity based tidal
decompositions at Sandes fail to resolve specific components due to the
presumed strong phase-locked baroclinic activity arising from local
generation over the summit. However, decomposition using long term
pressure observations shows that the M; tide is the primary energy
contributor at 73 %, compared to 20 % for the S, tide, and only 3 % for
the K; tide (Fig. 7).

4.2. Susceptibility of Taylor cap formation over Sandes

To assess the likelihood of Taylor cap formation over Sandes, a
parametric analysis was conducted and the values compared to thresh-
olds for Taylor cap feasibility as presented in Chapman and Haidvogel
(1992).

N

IOD Index [°C]
N o

2019 2020 2021 2022
Year
Fig. 4. IOD Index for the period covering the data collection, with the three

periods marked showing the differing IOD conditions which preceded each trip.
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Fig. 6. Thermistor data from the western summit of Sandes from (a) November
2019, (b) March 2020, and (c) March 2022, showing the impacts of differing
thermocline depth in the stratification and regime over the summit.

The Burger Number (B=NH/fL) provides a measure of the strength of
vertical stratification against the horizonal where H is the water depth
away from the seamount, and L is the horizontal scale of the seamount.
In the case of Sandes f = 1.77 x 10° s, L ~ 2000 m, H = 600 m, and N
is of the order 1 x 10 rad s!. This gives B = 16.9, indicative of a
stratification dominated regime where any Taylor cap would be trapped
near the bed.

The Rossby number (R=U/fL) is a ratio of the horizonal and rota-
tional velocities. The maximum instantaneous velocities observed over
Sandes were ~0.5 m/s, but average velocities over the summit were
lower at 0.16 m/s. Therefore Sandes experiences an average R of 4.5 and
a peak R > 14.1, both of which are far above the threshold for Taylor cap
formation of 0.4 under a stratified regime (Chapman and Haidvogel,
1992; Huppert, 1975). Note that the low values of f near the equator will
render the formation of Taylor caps unlikely throughout the tropics.
Combined these factors render Taylor cap formation over Sandes almost
entirely impossible.

Whilst these metrics are useful for assessing the general feasibility of
Taylor cap formation over the seamount, they represent a static calcu-
lation under one set of conditions and do not account for any variability

over the seamount, which may provide transient conditions more
compatible with Taylor cap formation. Using in-situ data is therefore
necessary to detect the presence of a Taylor cap over the seamount.

CTD transects over the summit in 2022 when the thermocline was
midway between the surface and summit show no clear doming of the
isotherms as would be associated with the presence of a Taylor cap;
instead, the variations in isotherm depth are irregular over the summit,
and indicative of higher frequency perturbations (Fig. 8).

In addition to varying over the long term with changes to the strat-
ification, the dynamics over the seamount vary with the tidal cycle.
Fig. 9 shows three transects which ran east to west over the summit in
2022, each with a duration approximately 1.5 h. The velocities over the
summit reach up to 0.5 m/s, and the flow direction shows the presence
of a 2-3-layer system depending on the state of the tide, with 180°
contraflow layers seen over the summit in all three transects. Transect
one shows westward flow at the surface with eastward flow near the bed
on the ebb tide, transect two captures a transitional phase in flow di-
rection following low-water slack, and transect three shows the inverse
of transect one on the flood tide, with eastward flow at the surface and
westward flow at the bed. Whilst a multi-layered system exists over the
summit, there is no evidence to suggest any rotational flow as would be
associated with Taylor cap formation.

All three transects show localised turbulence of the magnitude 1 x
10" W kg1, which is far above the background values near Sandes of 1
x 1019~ 1 x 10® W kg™! with the highest values in all three transects
observed close to the downstream (at the depth of the summit) flank of
the seamount.

4.3. Variability in internal wave energy during differing background
stratifications

To quantify differences in internal wave induced variability between
stratification states, power spectral density (PSD) from 70 m depth (the
shallowest depth over the summit), on both the east and West flanks are
shown in Fig. 10.

The lack of thermal variability at 70 m due to the deep thermocline in
November 2019 is clearly visible relative to 2020 and 2022 in the
reduced powers seen across the spectrum up to Ny .. There is a marked
difference in the spectra between East and West in November 2019, with
a maximum difference of 10 dB W' Hz™! higher power within the
10-100 cpd waveband on the upstream (East) flank, which is within the
frequencies range of internal wave activity. During this period there was
a strong westwards background current which may be partly responsible
for this asymmetry due to limited flow direction inversion during this
period. This difference may be indicative of lee wave formation, where
the upstream isotherm is elevated, and the downstream depressed, with
the persistent background current preventing the release and rebound of
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isotherms which occurs under more typical circumstances.

By averaging data relative to phase of the tide over the same 7 days,
the low frequency variability (in this case likely associated with an in-
ternal tide) is isolated (Fig. 11). No tidal variability in temperature is
seen in November 2019 due to the summit being within the surface
mixed layer but March 2020 and 2022 both show an internal tidal
signal. The internal tidal signal is strongest in March 2020, with an
amplitude of 12 m in the east, and >15 m in the west. In March 2022, the
internal tide has a reduced amplitude of 5 m.

As well as the internal tide, high frequency internal waves can be
seen within the thermistor chain data in March 2020 and 2022 (Fig. 12)
with periods between 5 and 20 mins. In 2020 where the thermocline is
coincident with the summit, the tidal perturbations have magnitudes of
up to 45 m, whilst the high frequency waves are smaller and predomi-
nantly of 5-10 m amplitude. In 2022 the amplitude of the internal tidal
signal is reduced with a 21 m maximum observed amplitude; however,
the amplitude of the high frequency waves is not distinguishably
different from those observed in 2020. In 2022 high frequency internal
waves of both elevation and depression polarities are observed, which
may be due to the proximity of the stratification (at 50 m depth) to the
inflection point, where the thicker layer of the water column changes
from being below to above the stratification.

4.4. Internal wave evolution and turbulence generation

During March 2022, turbulence profiles were taken over the
seamount. A TKE profile taken at the same location as a moored ADCP
shows that the strongest turbulence occurs at the upper interface of the
internal waves which corresponds to the base of the surface mixed layer
(Fig. 13). At this depth, which is the consistent vertical position of peak

TKE associated with the internal waves, ¢ > 10° W kg’l, which is
several orders of magnitude larger than background values over the
summit of <10° W kg1

The impacts of internal waves can be highly localised, both spatially
and temporally. The echo amplitude from the vessel mounted ADCP
during the 24-hour repeat surveys over the summit serves as a visual
proxy for the depth of stratification (based on an increased concentra-
tion of scatterers seen at the thermocline). Direct microstructure tur-
bulence measurements further verifies that these internal wave events
are responsible for localised patches of elevated turbulence in proximity
to the seamount (Fig. 14).

The VMADCP data shows ~20 m variability in the elevation of the
mixed layer base over the summit (Fig. 14a), which is also seen as
variation of the thermocline depth in the temperature profiles (Fig. 14g,
f) and is consistent with internal wave activity. This layer is consistently
characterised by elevated turbulence seen over the summit in 2022 with
¢ > 10> W kg~!. The variability in turbulence over the summit further
supports the idea that these spikes in turbulence are associated with
internal waves propagating over the summit. In addition to the discrete
spikes in turbulence seen in the profiles over the summit which are
coincident with the thermocline at ~50 m depth (Fig. 14 c-h) the deeper
water profile to the west of the seamount (Fig. 14 b) which was the
upstream side of the seamount at the time of the profile, still exhibits ¢ of
10 W kg~! in the 100-150 m depth range while in proximity to tho
topography.

Richardson number and TKE dissipation rates show little definitive
relationship, although larger shear values are correlated with lower Ri
values over the seamount, demonstrating that shear plays a controlling
role in producing instability instead of reduced stratification strength
(Fig. 15a). The distribution of these high shear values is also centred
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around the upper elevation of the thermocline in the presence of waves
of elevation at 40 m, rather than the 50 m resting depth of the ther-
mocline implying that the internal waves play a key role in enhancing
the shear instability and mixing over the seamount (Fig. 15b).

5. Discussion

Shallow seamounts which extend into the photic zone are increas-
ingly recognised as being important biological refuges (Watling and
Auster, 2017), but their small-scale presents multiple challenges when
diagnosing the dynamics responsible for creating a thriving ecosystem.
Their small spatial scales are difficult to resolve, both in terms of
detecting them through remote bathymetry and determining their
dynamical regime through coarse scale models. Therefore, despite their
high ecological value, they remain understudied. This is especially true
for those summits such as Sandes which may be better classified as
pinnacles to distinguish them from the larger, deeper seamounts that
have traditionally received attention.

Sandes shows no visible doming of the isotherms which would be
associated with the formation of Taylor caps, and the cross-summit flows
are of a sufficient magnitude to rapidly destroy any circulating struc-
tures which may form over the summit (Chapman and Haidvogel, 1992).
Additionally, the velocities observed over the summit would result in
any locally generated productivity being rapidly swept downstream
(Genin, 2004; Pitcher et al., 2008). Sandes is not a unique specimen, and
many characteristics of the physical regime which we describe are a
common feature among these steep tropical pinnacles (Galbraith et al.,
2022), as well as at larger tropical seamounts for which the local Coriolis
force is small and which still extend into the photic zone (Read and
Pollard, 2017). Therefore, there is strong merit in moving away from the
hypothesis of Taylor caps being responsible for the increased produc-
tivity at these energetic sites, and at small-scale seamounts in general
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large internal tide in 2020, and the waves in 2022 are both clearly visible.

which have similar characteristics.

At tidal and subtidal frequencies Sandes is instead highly energetic
with internal wave activity. Combined with the short horizontal scale of
the seamount, this leads to internal waves over the summit on both
phases of the tide when the stratification is above the summit depth,
rendering them a more ubiquitous feature in shallow stratification than
seen in studies at topographically obstructed shelfs and banks (e.g. van
Haren et al., 2019). Given the supercriticality of the slope at Sandes, the
local generation of internal waves is possible in all three stratification
scenarios, but the lack of near-critical slopes coincident with the peak
stratification does mean this will be less effective than at critical slopes.
The supercriticality does, however, introduce the possibility of localised
turbulence near the flanks through several previously documented
processes such as breaking and reflection of the internal tide, and the
development of turbulent boluses on the downstream flank of the
seamount (Lamb, 2014; van Haren, 2023). Whilst Sandes shows an in-
ternal wave regime with some similarity to those presented by Stevens
et al., (2014), the impacts of a strong background current in November
2019 result in elevated energy in the internal wave band on the up-
stream flank of the seamount in the case of deep stratification below the
seamount summit, as opposed to downstream of the summit.

The presence of high frequency waves increases the likelihood of
mixing through shear instability, elevating the levels of mixing over the
seamount and its flanks and potentially increasing the availability of
nutrients to the euphotic zone through turbulent entrainment. The
values of turbulence we record in association with high frequency

internal waves are far above the ocean background values (Tanaka et al.,
2021). The layers of elevated turbulence seen in the profiles are very
thin, being collocated with the interface of the internal wave in strong
background stratification, and whilst there is a lack of Ri-TKE rela-
tionship, this is likely to be a result of the coarse vertical resolution of the
VMADCP data, as well as time-based averaging reducing the shear
observed in the VMADCP. Overall, the dynamic processes present are a
marked departure from the slow steady state upwelling to which the
enhanced productivity at seamounts is often attributed.

The local dynamical regime is set in strong, but variable, background
stratification. This stratification is controlled by both the monsoon and
the IOD (Liu et al., 2022), and under sufficiently strong conditions the
thermocline depth can act as a gating condition for internal wave ac-
tivity over the summit. This then suggests that a short-term approach,
purely classifying these sites based on presence-absence over limited
time periods, carries a very real risk of excluding sites which under
different background forcing may be far more active. While studies on
the seasonality of seamount ecosystems and physical oceanographic at
numerous sites have been conducted (Aristegui et al., 2009; Mourino
et al.,, 2001; Santos et al., 2013; Trasvina-Castro et al., 2003), the
combination of high resolution with long timescales remains compara-
tively unexplored.

Internal wave — topography interactions are highly sensitive to both
the background stratification (Stashchuk and Vlasenko, 2021), the ge-
ometry of the topography (Johnston and Merrifield, 2003), and even the
proximity of other nearby topographic features (Zhang et al., 2017) that
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dissipation and temperature profiles (b-h) annotated. chronological order of profiles follows east — west.

may generate baroclinic motions that subsequently radiate away from
the source region. Because of this, it is highly unlikely that any two
seamounts will exhibit identical baroclinic regimes; however, using
global estimates of the internal tide (Zhao, 2018), and identifying sea-
mounts that are likely to exhibit amplified internal tides based on
background stratification, latitude, and bottom slopes (Robertson et al.,

10

2017), it is feasible to identify sites that may have energetic internal
wave regimes with subsequent biological impacts. This does, however,
overlook the deficiencies in estimates of global bathymetry what fail to
resolve seamounts of the scale presented here.

The importance of physical process in promoting the enhanced
biomass and biodiversity which some seamounts exhibit is well
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recognised (Pitcher et al., 2008; Roberts et al., 2020; White et al., 2007).
Despite this there has been ongoing debate over which processes are the
most important in driving the biomass aggregation (Rowden et al.,
2010). The picture presented here shows a seamount dominated by high
frequency (tidal and higher) energetic, baroclinic dynamics, reinforcing
the trend of moving away from slow steady state processes (e.g. Read
and Pollard, 2017; Van Haren et al., 2017). Whilst internal waves will
act to enhance primary productivity through vertical advection of
nutrient rich water (Villamana et al., 2017), this is less plausible as the
driver of high trophic level biomass aggregation over seamounts at the
horizontal scale of Sandes due to the absence of retention over the
seamount given the lack of Taylor cap formation. Instead internal waves
may act as aggregators of zooplankton over and around the summit,
boosting secondary productivity (Chen et al., 2021), which given the
amplitude of the internal tide at Sandes is a viable mechanism and
consistent with the ‘halo’ of biomass aggregation observed previously
around the seamount (Hays et al., 2020).

Overall, our findings suggest the need to change the framework
within which these shallow seamount pinnacles are assessed.
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Assessment of the relationship between physical oceanographic pro-
cesses, ecosystem functions, and biodiversity, at these features needs to
expand to incorporate high-frequency dynamics, as well as the wider
background ocean—atmosphere driven conditions. This requires moving
away from focusing on single processes towards a more integrated
approach. Additionally, it may not be possible in many cases to classify
an entire seamount as a single habitat, due to the small spatial scales
over which differences in the physical regime are observed.

6. Conclusions

Local dynamics at steep-sloped short horizontal scale seamounts are
shown to be driven by high frequency, highly localised dynamics, which
are in turn modulated by intra-seasonal basin scale processes. This focus
on high frequency processes is a departure from the theory of slow-
moving processes (such as Taylor caps) being dominant as was previ-
ously posited deeper seamounts.

Within the Indian Ocean, the monsoon and the Indian Ocean dipole
modulate the thermocline depth, inducing the variability in the internal
wave dynamics at Sandes Seamount. The depth of the thermocline
relative to the summit is the primary factor determining the nature of the
local physical dynamics, acting as a gating condition of internal wave
activity over the summit, potentially with significant ecological impacts
over seasonal time scales.

In the presence of IW activity, measured values of turbulence are
larger (1 x 10> W kg™!) than that of typical values for background open
ocean (1 x 108 -1 x10°W kg_l). This strong turbulence is indicative
of internal wave generated mixing through shear instability, and is seen
most prominently over the flanks, but also co-located with internal wave
trains propagating over the summit.

This research highlights the importance of considering these
dynamically complex environments from a multi-temporal perspective,
with the risk of miss-classification of the local environment based on
isolated observations.
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