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ABSTRACT: The bottom boundary layer (BBL) contributes significantly to the global energy dissipation of low-frequency
flows in the abyssal ocean, but how this dissipation occurs remains poorly understood. Using in situ data collected near the BBL
at an abyssal seamount in the western Pacific Ocean, we demonstrate that strong bottom-trapped flows over sloping topography
can lose their energy to near-inertial waves (NIWs) generated via the adjustment of the bottom Ekman layer. The NIWs with
near-resonant frequencies corresponding to internal waves with propagation direction parallel to the topographic slope are ob-
served. These waves are strongest in the BBL and have a correlation with the off-seamount subinertial flows largely attributed
to the Ekman transport driven by the bottom-trapped anticyclonic circulation over the seamount. The bottom-intensified NIWs
are observed to have dominant upward-propagating energy and hypothesized to be generated via Ekman flow—topography in-
teractions in the BBL. Energy loss from the near-bottom flows to radiating NIWs (~8 X 10~* W m?) is estimated to be sub-
stantially larger than that due to bottom drag dissipation (~2 X 10™* W m™2), suggesting the important role of internal-wave
generation via the Ekman transport adjustment in damping the subinertial flows over the sloping seafloor.

SIGNIFICANCE STATEMENT: Dissipation of geostrophic currents and eddies via the oceanic bottom boundary
layer (BBL) plays an important role in modulating the global oceanic mechanical energy budget. The bottom drag has
long been considered a key process in inducing such dissipation, but it is recently suggested to be less effective at a slop-
ing bottom. This study suggests another potentially important mechanism that can remove energy from the geostrophic
flows at the sloping bottom. This mechanism is depicted as the resonant generation of near-inertial internal waves by
near-bottom flows. Generation of internal waves due to near-bottom flows over sloping topography should be common
in the global ocean and therefore have significant implications for the oceanic mechanical energy budget.

KEYWORDS: Bottom currents; Ekman pumping/transport; Internal waves; Topographic effects

1. Introduction from the presence of Ekman arrest over sloping topography
(MacCready and Rhines 1991, 1993). When an along-isobath
interior flow resides over a sloping bottom boundary, it can
induce a cross-isobath bottom Ekman transport. The Ekman
transport brings fluid either upward or downward at the slop-
ing boundary and gives rise to a buoyancy forcing that op-
poses the Ekman transport, leading to the so-called Ekman
arrest (MacCready and Rhines 1991; Garrett et al. 1993).
During Ekman arrest, along-isobath flow is weakened toward
the bottom, leading to the reduction of the bottom drag—
induced dissipation. Using high-resolution numerical simula-
tions, Ruan et al. (2021a) suggested much less bottom drag—
Corresponding author: Xiaohui Xie, xhxie2013@gmail.com induced energy dissipation of the geostrophic flows over

The bottom boundary layer (BBL) plays a vital role in
damping oceanic geostrophic currents and eddies via bottom
drag and thus in modulating the global oceanic mechanical
energy budget (Wunsch and Ferrari 2004; Trowbridge and
Lentz 2018). Wunsch and Ferrari (2004) suggested a global
energy dissipation of ~0.2 TW in the abyssal BBL, while
other estimates of this dissipation reach ~0.8 TW (Sen et al.
2008; Wright et al. 2013). This large uncertainty sources partly

DOI: 10.1175/JPO-D-22-0026.1

© 2023 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by XIAMEN UNIVERSITY | Unauthenticated | Downloaded 02/10/23 02:21 AM UTC


https://journals.ametsoc.org/collection/oceanic-flow
https://journals.ametsoc.org/collection/oceanic-flow
mailto:xhxie2013@gmail.com
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

636

continental slopes in the Atlantic Ocean than that estimated
from interior velocities.

Although direct bottom drag dissipation may not be as
strong as previously suggested over sloping topography, other
processes during the adjustment of the bottom Ekman layer
also contribute to the turbulent dissipation in the BBL. In the
downslope case, Ekman transport brings light water beneath
dense water and thus triggers convective instabilities that
drive turbulent mixing in the BBL (Garrett et al. 1993; Moum
et al. 2004). Using high-resolution numerical simulations, sev-
eral studies have reported that bottom-trapped currents flow-
ing in the direction of Kelvin wave propagation along sloping
topography are susceptible to submesoscale (symmetric and/
or centrifugal) instabilities, leading to enhanced turbulent
mixing within the BBL (Dewar et al. 2015; Gula et al. 2016;
Wenegrat and Thomas 2020). Recent field observations in the
Southern Ocean provided evidence that the downslope
Ekman transport may generate lateral density fronts near the
bottom, fueling submesoscale instabilities and thus enhancing
near-boundary turbulent mixing (Naveira Garabato et al.
2019). In addition to convective and submesoscale instabil-
ities, numerical simulations also revealed that near-inertial
waves (NIWs; i.e., internal waves with frequencies close to
the local inertial frequency f) can be resonantly generated in
the BBL during Ekman arrest over the sloping bottom (Brink
and Lentz 2010; Umlauf et al. 2015; Ruan et al. 2019). How-
ever, there is as yet no observational evidence of NIW genera-
tion in the BBL via the cross-isobath Ekman transport.

Wind forcing has long been recognized to be the dominant
mechanism generating downward-propagating NIWs near the
sea surface [Alford et al. (2016) and the references therein],
while bottom-generated NIWs are expected to radiate up-
ward into the ocean interior (Nikurashin and Ferrari 2010a).
The bottom generation and subsequent upward propagation
of NIWs have also been observed, especially near rough to-
pography (Brearley et al. 2013; Sheen et al. 2013; Liang and
Thurnherr 2012; Hu et al. 2020). However, these observations
have not pointed out potential NIW generation due to Ekman
adjustment within the BBL. Instead, they seemed to have
exclusively attributed NIWs generated near rough topography
to internal lee-wave breaking (Nikurashin and Ferrari
2010a,b), despite the absence of a direct link between lee
waves and NIWs in the observations. On the other hand, up-
ward-propagating NIWs observed near rough topography
may also source from the bottom reflection of wind-driven
downward-propagating waves (Kunze and Sanford 1986) or geo-
strophic adjustment of the deep boundary flows (van Aken et al.
2005). In this study, we present observational evidence linking
the generation of upward-propagating NIWs to the adjustment
of the bottom Ekman layer over the sloping seafloor, highlight-
ing the importance of internal-wave generation in the energy de-
cay of near-bottom low-frequency flows.

2. Theoretical background

Over a flat seafloor, the bottom Ekman layer height Hg
may be estimated using the scaling proposed by Weatherly
and Martin (1978):
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where U.. and N.. are the velocity and buoyancy frequency
above the bottom Ekman layer, and C, is the quadratic drag
coefficient. In this study, C, is set to be 0.0025 following previ-
ous studies of the abyssal ocean (Sen et al. 2008; Wright et al.
2013; Polzin et al. 2021). For a sloping seafloor (with a slope
of a), no theoretical basis yet exists to estimate Hg because of
its temporal variability during Ekman arrest. However, if the
steady Ekman arrest state is reached, Hg can be approxi-
mated as the arrested Ekman layer thickness, which, in the
downslope case, can be scaled by (Trowbridge and Lentz
1991; Ruan et al. 2019)

H, = fU,/a’N=. )

Before the steady state is achieved, the Ekman transport at
the sloping bottom can be estimated by (Brink and Lentz
2010)

T, = fC,U/(f* + o N2). 3)

Because the downslope Ekman transport thickens the BBL
(MacCready and Rhines 1991; Garrett et al. 1993), Hwwm
and H, will be treated as the lower and upper bounds for
our estimation of Hp, respectively. To facilitate the compar-
ison between theory and observation, we also use H,, to de-
note the height of the bottom mixed layer, with the squared
buoyancy frequency N> < 1 X 1077 s72. In the flat-bottom
case, H,, is generally assumed to be equal to Hg, while H,,
may be larger than Hy over the sloping bottom (Stahr and
Sanford 1999).

The Ekman adjustment process over the sloping bottom
may resonantly generate internal waves, as described by the
following equations:

2 F] ER
ﬂ+wzvzfi_'7y_ﬁa’
ar? dz  dzot 9z
wf =f2 + N2o?, (4)

where V is defined as the cross-isobath low-frequency ve-
locity; [7,, 7,] are the along-isobath and cross-isobath
components of frictional stress; and G is the turbulent
buoyancy flux [see Eq. (27) of Umlauf et al. 2015]. Equa-
tion (4) suggests that the bottom Ekman flow driven by an
along-isobath interior flow over the slope can induce buoy-
ancy fluxes, which in turn induce the temporal variations in
Ekman flows and bottom stresses associated with the reso-
nant-frequency w.. Therefore, internal waves with . may
be resonantly generated in the BBL, and their propagation
direction is in parallel to the slope. When the slope is gentle
(viz., small @), o, is close to f. Internal waves caused by the
Ekman flow over the sloping bottom can be regarded as
near-inertial waves. This process resembles the generation
of near-inertial waves at the sea surface via time-varying
winds. By contrast, over a flat bottom, the steady Ekman
transport can be rapidly set up and no internal waves are
generated (Garrett et al. 1993).
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FIG. 1. (a) Map showing the bathymetry of the Caiwei Seamount in the western Pacific Ocean, two moorings (MT and MB; stars), and
time-averaged near-bottom velocity vectors (arrows). The isobath of 1400 m is labeled. Black and green arrows are velocity vectors at the
depths of 15 and 100 MAS, respectively. (b) Schematic of the moorings at MT and MB.

3. Data and methods
a. Data

Moored observations of the current and temperature/
salinity were carried out at three sites over the Caiwei Seamount
(CS) in the northwest Pacific Ocean (Fig. 1). One site was lo-
cated at the top of the CS (denoted as site MT), where the topo-
graphic slope is ~0.015, and the other two were at the base,
with a topographic slope of ~0.05. Because the two sites at the
base were displaced by only ~3 km and their water depths were
almost identical (only ~10 m difference), they were jointly de-
noted as site MB (Fig. 1a). Both MT and MB were equipped
with an Aanderaa current meter (ACM) at 15 m above the
seafloor (MAS) and a Sea-Bird SBE 16 with conductivity—
temperature-depth (CTD) sensors at 20 MAS (Fig. 1b). At
MB, an ACM fixed at 100 MAS and a Sea-Bird SBE 39 with
temperature-depth (TD) sensors installed at 120 MAS were
also deployed. At MT, a downward-looking 75-kHz acoustic
Doppler current profiles (ADCP) and a Sea-Bird SBE 39 were
installed at 400 and 110 MAS, respectively. The observation pe-
riod of MB spanned from 15 June 2013 to 17 July 2014, while at
MT it ranged between 23 July 2014 and 21 July 2015. However,
data collected by the ACM at 15 MAS at MB became unavail-
able after 9 January 2014. Three ACMs recorded data every
30 min, whereas SBE 16 and SBE 39 sampled every 60 and
10 min, respectively. At MT, the ADCP recorded data every
30 min with 16-m vertical bins, covering the depth range of
1004-1356 m (~40 MAS). Above the ADCP at this site,
there were other moored instruments for current and tem-
perature measurements, which are not used in this study. In
addition, a Sea-Bird 917 CTD with a 24-Hz sampling rate
was lowered to a depth of ~30 MAS at MT and MB before
the moorings were deployed. These two yo-yo CTD casts
were used to estimate the buoyancy frequency N at the two
mooring sites.
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Horizontal velocities are decomposed into the along-isobath
u and cross-isobath v components based on the bathymetry
(Fig. 1). When positive vis defined to be outward perpendicular
to the seamount isobaths, positive u is consistent with a clock-
wise flow around the seamount. The bathymetry used in this
study is based on our shipboard sonar measurements (Fig. 1).

b. Decomposition of signals

In this study, we focus mainly on NIWs and low-frequency
flows. These flow components in the raw current time series
are extracted via a second-order Butterworth filter. Cutoff
frequencies of near-inertial velocities [uy v are set to be
[0.85, 1.4]f, and the low-frequency flow [U, V] is extracted
using the low-pass filter with a cutoff frequency corresponding
to a period of 3 days.

4. Results
a. Background currents

Previous studies have suggested that a strong anticyclonic
circulation can be generated near the bottom at the CS (Guo
et al. 2020; Jiang et al. 2021; Xie et al. 2022), as observed at
MT and MB where U (>0) often dominates over V (Figs. 2a,b
and 3a,b). The anticyclonic flow may have induced an off-
seamount Ekman transport (V > 0), which was observed at 15
MAS at both sites (Figs. 2b, 3b). At the summit of the seamount
(MT), the annual-mean cross-isobath velocity was approxi-
mately 0.7 cm s~ ! at 15 MAS, and cases with V > 0 occupied
more than 70% of the yearlong observation period (Fig. 2b).
Following Egs. (1) and (2) and taking U, = 0.05 m s™' and
N2 =4 x10"%s72 at MT, Hwy and H, are estimated to be 11
and 33 m, respectively. The range of the bottom Ekman layer
height from the seafloor [Hww, H,] covered 15 MAS but
excludes the depth of bottommost ADCP measurement
(40 MAS), at which point the cross-isobath flow vanished as



638 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 53

0.1
0.05

-0.05 | | | 1

0.05

Velocity (ms'ﬂ)
o

-0.05
1000

1200

Depth (m)

0

1400 —t =
E 1000, =
0.6 T T T T E1200 -
-

04 -

Jim®

02+ 4 i
/ X / ’\J

/) \

Aug/2014 Sep/2014 Oct/2014 Nov/2014 Dec/2014 Jan/2015 Feb/2015 Mar/2015 Apr/2015 May/2015 Jun/2015 Jul/2015

FIG. 2. (a) Time series of low-pass-filtered along-isobath velocity U at the depths of 15 (blue) and 40 MAS (red) at
MT. (b) Low-pass-filtered cross-isobath velocities V at the depths of 15 (blue) and 40 MAS (red). The green and yel-
low lines are near-inertial velocity magnitude in the frequency bands of 0.85-1.4f (Ay) and 1.12-1.4f (A,) at 15 MAS,
respectively. (c) Depth-time map of kinetic energy in the near-resonant frequency band of 1.12-1.4f (KE,). (d) Time
series of depth-averaged upward- (blue) and downward-traveling (red) KE,:. (e) Time-depth diagram of near-
resonant inertial velocities 1, in the period marked by the red rectangle in (c).

shown by the time-mean velocity field (V < 0.1 cm s !). with the observation. Following the enhanced off-seamount
Therefore, the flow at 40 MAS was almost parallel to the iso- Ekman flows, an up-seamount compensating flow was often
baths (Fig. 1a). The Ekman velocity Tx/Hf based on Eq. (3) observed above the bottom Ekman layer (e.g., 40 MAS;
is estimated to vary between 0.3 and 0.9 cm s~ !, consistent Fig. 2b), indicating a secondary circulation in the cross-isobath
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FIG. 3. (a) Time series of low-pass-filtered along-isobath velocities U at the depths of 15 (blue) and 100 MAS (red)
at MB. (b) Low-pass-filtered cross-isobath velocities V at the depths of 15 (blue) and 100 MAS (red). The green line
is near-inertial velocity magnitude Ay at 15 MAS. (c) Low-pass-filtered potential temperature at 20 (red) and
120 MAS (blue). (d) Time series of near-bottom stratification N* (black) computed from mooring CTD (20 MAS)
and TD (120 MAS) data and squared geostrophic vertical shear [S; = (0U/9z)%; red].
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FIG. 4. Kinetic energy (solid) and temperature anomaly (dashed) spectra at the depth of 15 MAS at MT (red) and
MB (blue). Vertical solid and dashed lines indicate the inertial frequency f and topographic resonant frequency w,,
respectively, at MT (red) and MB (blue). Diurnal tidal component K; and semidiurnal tidal component M, are also
labeled. The 95% statistical significance level is indicated by the vertical bars near the right-upper corner.

vertical plane, resembling those observed near the summit of
other seamounts (Haidvogel et al. 1993; Freeland 1994; Lavelle
and Mohn 2010). It should be noted that the off-seamount veloc-
ity was still visible at some times when the anticyclonic flow dis-
appeared. Therefore, other processes may also contribute to the
cross-isobath flow in the BBL.

At the base of the CS (MB), Hwy and H, were estimated
as 24 and 197 m, respectively. This depth range was large, cov-
ering two ACMs at this site. However, the time-mean velocity
at 15 MAS concealed the bottom Ekman transport (i.e., the
cross-isobath velocity was oriented up-seamount; see Fig. 1a),
but events of V > 0 can be identified in the presence of anticy-
clonic jets (Figs. 3a,b), implying that bottom boundary pro-
cesses may be dominated by the Ekman dynamics at some
times while they became more complex at other times. At 100
MAS of this site, the cross-isobath velocities could frequently
counter the off-seamount Ekman flows, suggesting that Hg
may not exceed 100 m. Therefore, the theoretically estimated
Ekman velocity at MB ranges between 0.1 and 0.5 cm s~ '.
This estimate agrees with the observation at 15 MAS, where
the cross-isobath velocity, averaged over the periods with
U>2cms !, was 03 cm s~ ! At 100 MAS, the time-mean
cross-isobath velocity V = —0.22 cm s™! (for U > 2 cm s™1)
opposed the off-seamount Ekman velocity, suggesting that
the secondary circulation driven by the Ekman transport
might not be confined to regions around the summit of sea-
mount but occupy the entire seamount slope.

The off-seamount Ekman transport driven by anticyclonic
flows brought light fluid downslope at the base of the seamount,
leading to the increase of potential temperature observed at
depths of both 20 and 120 MAS at MB (cf. Figs. 3a,c). More-
over, the potential temperature difference between the two
depths was substantially lessened (<0.01°C) so that near-
bottom stratification was nearly eroded in the presence of anti-
cyclonic flows (N* < 1 X 1077 s™2; Fig. 3d). This suggests the
enhancement of turbulent mixing and thickening of the bottom
mixed layer (H,, > 100 m). Such a destratification process was
also frequently observed across continental shelves when the
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downshelf Ekman flows driven by along-shelf currents are pre-
dominant (Lentz and Trowbridge 1991), suggesting the occur-
rence of the bottom Ekman adjustment at MB (Garrett et al.
1993). At MT, the downslope transport of light water during
V. > 0 was scarcely observed from the CTD measurements at
20 MAS (not shown), which may be because the bottom
Ekman layer was too thin (Hx < 20 m) to cover our instrument
throughout most of the observational period.

b. Generation and propagation of near-inertial waves

As reviewed in section 2, the Ekman transport across the
sloping bottom may generate NIWs with resonant frequency
o, (Brink and Lentz 2010; Umlauf et al. 2015). Kinetic energy
spectra computed from current records at the bottom bound-
ary (15 MAS) are shown in Fig. 4 (solid curves). Dominant
spectral peaks were identified at the semidiurnal tidal and
near-inertial frequencies for both sites. At MT, there were
two peaks in the fband: one was centered at f (1.00 = 0.02f),
and the other was blue shifted to ~1.25f. At MB, the peak fre-
quency approached 1.19f. Near-inertial peaks were also ob-
served in the temperature variance spectra (doted curves in
Fig. 4), with peak frequencies almost identical to those ob-
served in the kinetic energy spectra. The temperature variance
spectra at both sites showed larger near-inertial energy than
tidal energy, suggesting the presence of vigorous near-inertial
waves. The blue-shifted peaks at MT (1.25f) and MB (1.19f)
were approximately equal to w., which was estimated to be
1.26f and 1.15f at MT and MB, respectively, following Eq. (4).
Therefore, it can be reasonably hypothesized that NIWs with
o, observed in the BBL mainly resulted from topographic res-
onance (Umlauf et al. 2015).

The enhanced near-inertial velocities near the bottom
boundary were quantitatively related to the cross-isobath sub-
inertial flows (Figs. 2b, 3b and 5a). At MB, the bottom-

enhanced near-inertial velocities (A ;= ,/u% + vfz) were often

phase locked with V > 0 in time, with the correlation coeffi-
cient of 0.20 for the 7-month-long record quantified using the
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MATLARB function of “corrcoef (Ay, V),” where Apand V are
averaged every 2 days. This correlation was significant only at
the 95% significance level. The correlation between V and A
observed in the BBL was more robust at MT because of the
almost one-to-one correspondence between two quantities
(~70% of all enhanced events) in the yearlong observation
period. Their correlation coefficient reached 0.62 and was sig-
nificant at the 99.9% significance level. At both sites, Ay
closely followed the velocity magnitude of the off-seamount
flows (Fig. 5a). These observations provide support to our hy-
pothesis that NIWs with the frequency of w. observed near
the bottom boundary mainly resulted from the bottom
Ekman adjustment.

Another spectral peak in the f band at MT was also ob-
served at a frequency very close to f (Fig. 4). To rule out the
effect of these signals centered at f and characterize vertical
propagation of NIWs resulting from the bottom Ekman ad-
justment, the near-resonant velocities [u, y¢] in the fre-
quency band of [1.12-1.4]f are separated from [u, v]. After
removing the near-inertial signals centered at f, near-resonant
inertial velocities (A = \/u% + v}) were still correlated to
the cross-isobath flows in the BBL (Fig. 2b), although the cor-
relation coefficient decreased to ~0.45 (Fig. 5b). The signifi-
cant correlation coefficient between near-resonant inertial
and cross-isobath low-frequency velocities in the BBL at the
99% significance level can be extended to 150 MAS, but it de-
creased away from the BBL. This was associated with upward
propagation of NIWs resonantly generated in the BBL as
documented next.

The near-resonant inertial kinetic energy [KE ; = p(u% + v3)/2,
where p = 1034 kg m ™2 is seawater density] increased toward
the BBL, where year-mean KE,; reached 0.65 J m~> (Fig. 6a).
Away from the bottom, kinetic energy was reduced by ~50%,
suggesting that wave energy may be significantly dissipated
near the bottom. The bottom enhancement of near-resonant in-
ertial signals can also be identified in the time-depth map of
KE,; (Fig. 2c). Furthermore, these waves often showed domi-
nant upward (downward) energy (phase) propagation (Fig. 2¢).
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Using a two-dimensional (w. and k;) Fourier filter, the near-
resonant inertial velocities [uy, v are decomposed into
(47, v ] with upward energy propagation k, + w_t and [uy, vy]
with downward energy propagation k, — o, t, where k; is the
vertical wavenumber (Pinkel 1984). The results also showed
that upward-propagating energy was commonly higher than
downgoing energy (Fig. 2d; upward-propagating energy was
~50% stronger than its downgoing counterpart upon annal aver-
age), suggesting that near-resonant inertial waves are generated
in the BBL and subsequently radiate upward into the ocean inte-
rior. Since the propagation slope B [=+/(w? — f2)/N%w_] (with

respect to the horizontal direction) of internal waves generated

2
F, (W/m?) A

0 0.2 0.4 0.6 0.8 1
400 : - ‘ :

350
E 300t
250}
200}

150

Height above the seafloor (

100

0.4 0.6 0.8

3
KE,, (J/m®)

FI1G. 6. Depth profiles of time averaged KE,; and F, at MT.



FEBRUARY 2023

by the topographic resonance is equal to the topographic slope
[Eq. (4)], they may propagate upslope or downslope. However,
internal waves with downslope propagation would soon encoun-
ter the weaker stratification at deeper levels, where 3 is larger
than the topographic slope so that the waves may be reflected
upward into the ocean interior. This may explain why the ob-
served near-resonant inertial waves were predominantly upward
propagating.

For the nonresonant inertial motions ([uy — uy, vr — vy]) at
MT, namely, those with spectral peak centered at f, no signifi-
cant correlation was detected between their velocities and the
bottom Ekman transport, except at 15 MAS (Fig. 5b). These
NIWs centered at f mainly resulted from nonlinear forcing of
geostrophic flows over the large-scale seamount (Xie et al.
2023). We note that NIWs can be modulated by the back-
ground flows (e.g., negative vorticity induced by anticyclonic
flows) so that their frequency band may be broadened (van
Haren 2004). Therefore, the motions centered at f cannot be
completely separated from the near-resonant inertial waves so
that these motions still showed significant correlation with the
off-seamount flows in the BBL (correlation coefficient = 0.37;
Fig. 5b), where NIWs associated with other generation mecha-
nisms were weak (not shown).

Another mechanism for the near-bottom generation of NIWs
is the breaking of internal lee waves induced by geostrophic
flows over sloping topography (Nikurashin and Ferrari 2010a).
Although the cross-isobath Ekman flows may drive internal lee
waves (Xie et al. 2017; Xie and Li 2019), the velocity amplitude
of NIWs driven by wave breaking is comparable to that of the
geostrophic flow (Nikurashin and Ferrari 2010b), which is there-
fore inconsistent with our observation that near-inertial veloci-
ties were often much stronger than the cross-isobath velocities
(Figs. 2b, 3b). Furthermore, this mechanism cannot explain the
resonant generation of NIWs in the BBL over the slope.
Using profiled current observations, Kunze and Sanford
(1986) showed that the reflection of wind-generated down-
ward-propagating NIWs at critical topography may also in-
duce dominant upward-propagating near-inertial energy
around seamounts. However, the strong correlation be-
tween the bottom-enhanced near-inertial velocities and
cross-isobath Ekman flows at MT ruled out the possibility
of near-bottom reflection of wind-driven downward-traveling
NIWs (Figs. 5a,b).

5. Discussion

a. The impact on dissipation of near-bottom
geostrophic flows

Frictional drag has been suggested to be a key mechanism
for damping the near-bottom geostrophic flows in the abyssal
ocean (Wunsch and Ferrari 2004). As energy dissipation D
caused by the bottom frictional drag can be approximated as
D = pC,|U..]%, the importance of resonant NIW generation as
a process to remove energy from the bottom-trapped anticy-
clonic flows may be evaluated against that due to the work
done by bottom friction. Energy transfer from the near-bottom
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flows to resonant NIWs can be estimated via the vertical en-
ergy flux F, of these waves, calculated as

) 2
W - f

= Cpn (5)

c

F, = ngKErf’ng =

where C,. and C,, are the vertical group and phase speeds,
respectively. We calculate D and F, based on the data col-
lected at MT, where C,, can be estimated by the phase differ-
ence between near-resonant inertial velocities at different
depths using the cross-correlation method. Upon averaging
through the depths below 1300 m, we obtain C,, = 104 m
day~!. The depth profile of year-mean F, is plotted in Fig. 6.
In the BBL (i.e., 15 MAS), the vertical wave flux reached
8.0 X 107* W m ™2, whereas the energy dissipation due to bot-
tom drag was estimated to be 2.0 X 10~* W m™~2 Therefore,
NIWs radiating from the boundary flows were 4 times as large
as the energy dissipation induced by the bottom drag at MT,
suggesting that resonant generation of internal waves by the
boundary flow-topography interaction likely plays an impor-
tant role in damping the low-frequency flows at sloping bot-
tom boundary.

b. Submesoscale instabilities

The observations at MB have shown that the BBL was sig-
nificantly thickened (H,,, > Hwy.) in the presence of anticy-
clonic jets, suggesting that the near-bottom jets may have
caused strong dissipation and mixing in the BBL. It is unclear
whether this destratification process is associated with reso-
nant NIWs, but previous field observations (Moum et al.
2004; Naveira Garabato et al. 2019; Xie et al. 2022) and nu-
merical models (Wenegrat and Thomas 2020) suggested that
downslope Ekman transports may induce convective and sub-
mesoscale instabilities that enhance bottom dissipation and
mixing. The simulations in Wenegrat and Thomas (2020) also
produced near-inertial oscillations with o, = 1.17f (see their
Fig. 2a; J. Wenegrat 2022, personal communication), indicat-
ing the coexistence of NIWs and instabilities in the BBL during
the bottom Ekman adjustment. Although the potential temper-
ature difference between 20 and 120 MAS at MB in the pres-
ence of anticyclonic jets was substantially lessened, such a
vertical displacement of measurement (100 m) prevents the
identification of small-scale overturns (convective instability).
Nevertheless, it is possible to make some speculations for the
development of larger-scale submesoscale processes. In what
follows, we discuss the possibilities of the occurrence of subme-
soscale instabilities based on the limited moored records.

To examine the possibilities of submesoscale instabilities,
we calculated the Ertel potential vorticity (PV) based on
along-isobath velocity U at MB where the bottom mixed layer
and Ekman adjustment are both identifiable:

2
aU aU
PV = —fl—| +[f - —|N~ 6
i) +-5) ®
For stably stratified flows (i.e., N> > 0) with PV < 0, submeso-
scale centrifugal and symmetric instabilities can occur (Thomas
et al. 2013). For an anticyclonic circulation, its relative vorticity
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Near-inertial waves

F1G. 7. (a) Schematic depicting the potential mechanisms for the damping of the anticyclonic circulation (blue
arrows) trapped at a seamount. The circulation drives a downslope bottom Ekman transport (pink dashed arrows).
(b) The downslope Ekman transport not only drives a secondary circulation that may cause submesoscale instabilities
but also generates near-inertial waves with propagation direction parallel to the topographic slope, leading to the re-
moval of kinetic energy from the anticyclonic circulation. Verification of the existence of submesoscale instabilities re-

quires high-resolution observational networks.

—aUldy can be assumed to be negative approaching the sloping
bottom based on a no-slip boundary condition (Ruan et al.
2021a). This assumption is partly verified by a high-resolution
regional model of the northwestern Pacific Ocean, in which
dominantly negative relative vorticity was diagnosed at the top
and base of the CS [see Fig. 11 of Jiang et al. (2021)]. The ob-
served BBL at MB is very close to the lateral boundary of the
CS (only ~0.3 km for lowermost ACM). Then the second term
of Ertel PV in Eq. (6), during the emergence of anticyclonic
flows (U ~ 0.05 m s~ 1), is estimated to be negative at 15 MAS
(0Ulay ~ 1.67 X 107* s~ ! and f ~ 4 x 107° s™!). Therefore,
centrifugal instability may arise in the BBL of MB.

With enhanced lateral buoyancy gradient and thus vertical
geostrophic shear, the Ertel PV can also be dominated by the
first term in Eq. (6) and turn negative. Then the geostrophic
Richardson number derived from Eq. (6), Ri, = N?/S; with
S, = 9U/dz denoting the vertical geostrophic shear, can be
adopted to identify the condition for the occurrence of sym-
metric instabilities. When Ri, drops below 1/(1 — aU/dy/f)
and thus approaches unity, symmetric instabilities can de-
velop (Wenegrat et al. 2018; Yankovsky et al. 2021). At MB,
the secondary circulation driven by the Ekman forcing, as
well as elevated mixing, eliminated bottom stratification
and increased lateral buoyancy gradients. Consequently,
low-frequency vertical shear S, associated with U was inter-
mittently elevated in the presence of anticyclonic flows, as
shown in Fig. 3d. During these periods, S, approached or
even exceeded N (viz., Ri, = 1; Fig. 3d), hinting at the possi-
bility of the excitement of symmetric instabilities. This pro-
cess is analogous to the case of a downfront wind driving an
Ekman transport that brings dense water over light water,
leading to enhanced convection and development of symmet-
ric instabilities (Thomas 2005; D’Asaro et al. 2011; Wenegrat
and Thomas 2020).
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¢. A schematic diagram

Our observations captured the generation of resonant NIWs in
the BBL of an abyssal seamount (Fig. 7). The bottom-intensified
anticyclonic circulation trapped around the seamount produces
a downslope Ekman transport (Fig. 7a). This downslope Ekman
transport brings light water downward and gives rise to buoy-
ancy forcing that acts against the Ekman transport, leading to
the time-varying bottom stress. This stress generates NIWs
propagating in parallel to the topographic slope (Fig. 7b). Al-
though these bottom-generated NIWs, in theory, do not have a
preferred propagation direction of upslope or downslope at
generation, their further propagation in variable background
stratification may be predominantly upward. On the other
hand, the bottom Ekman forcing can induce a secondary circu-
lation across the entire seamount slope, destroy bottom stratifi-
cation, and then sharpen the lateral buoyancy gradient. As the
near-bottom stratification is weakened and geostrophic shear is
elevated, the near-bottom potential vorticity may be destroyed
to stimulate submesoscale instabilities. Both resonant internal
waves and submesoscale turbulence are expected to elevate dis-
sipation and mixing near the BBL and promoting water ex-
change between the BBL and the interior over the seamount. It
should be pointed out that the bottom Ekman forcing may not
be the only mechanism driving the cross-isobath velocity V in
Eq. (4). The cross-isobath flows driven by other processes in the
BBL at sloping topography (e.g., wakes around the seamount;
Jiang et al. 2021) may also alter the bottom stress, leading to
generation of resonant internal waves.

6. Summary

Using moored observations carried out at the Caiwei Sea-
mount in the northwest Pacific Ocean, we have examined
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potential mechanisms for the damping of energetic near-
bottom currents trapped by the seamount. The observed
bottom currents flow dominantly in the direction of Kelvin
wave propagation (i.e., anticyclonic in the Northern Hemi-
sphere). Therefore, these currents can drive a downslope
Ekman transport and give rise to an upslope buoyancy
forcing that alters the bottom stress, leading to resonant
generation of near-inertial waves in the BBL. Although
these bottom-generated waves are partly dissipated near
the seafloor, half of their energy subsequently radiates up-
ward into the ocean interior, promoting mixing away from
the seamount.

Bottom-intensified anticyclonic flows can also be found
near other topographic features, such as the continental
slopes (Merryfield and Scott 2007; Xie et al. 2018), bumps
(Saunders and King 1995), and ridges (Lavelle et al. 2012;
Liang and Thurnherr 2011). Therefore, the presented mech-
anism for the generation of NIWs may apply to most sloping
topography in the global ocean. Although the cyclonic flows
that generate the upslope Ekman transport is relatively rare
near rough topography, the generation of NIWs by time-
varying bottom stress may also occur in this case (Brink and
Lentz 2010; Ruan et al. 2021b). It should be pointed out
that internal waves are no longer near-inertial when the
slope is steep [Eq. (4)]. However, the numerical simulations
of Wenegrat and Thomas (2020) also showed the generation
of superinertial internal waves with w. = 1.9f in the BBL
(see their Fig. 5a; J. Wenegrat 2022, personal communica-
tion), suggesting the universality of internal-wave genera-
tion in the BBL over the sloping bottom.

Comparing the relative contribution of internal-wave gen-
eration with that of frictional drag dissipation to the energy
loss of the bottom currents, we suggest an important role
played by the former via the Ekman adjustment in dissipating
geostrophic flows over a sloping seafloor. Using limited
moored measurements, we speculate that the downslope
Ekman transport may also induce submesoscale instabilities
in the BBL, which may serve as another potential mechanism
in damping the geostrophic circulation trapped by the sea-
mount. However, high-resolution observations and numeri-
cal simulations are required in future work to verify the
generation of near-bottom submesoscale instabilities in
seamount systems and fully explore the mechanisms of en-
ergy cascades from bottom-trapped geostrophic circula-
tions to small-scale turbulence.
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