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Topographically Induced Mixing Around a
Shallow Seamount

Rolf G. Lueck* and Todd D. Mudge

Measurements of the rate of dissipation of kinetic energy around a shallow seamount
in the eastern North Pacific show that mixing there is 100 to 10,000 times as large as
that far away from the seamount. If such values are typical of other seamounts, mixing
across density surfaces in the ocean occurs mainly at their boundaries, and topo-
graphically induced mixing may help to explain the discrepancy between the observed
intensity of mixing in the interior of the oceans and that required to satisfy models of

ocean circulation.

Predictive models required for scientific
and practical problems associated with the
present and future climate, with biological
activity, and with waste disposal require
a firm understanding of mixing in the
ocean. The distribution of heat, salt, and
chemical substances depends on mixing
along and across surfaces of equal density
(I). Many indirect measurements (2-5)
and the recent direct measurement of ver-
tical diffusivity, obtained through the in-
tentional release of an inert tracer (6),
show that mixing across density surfaces is
weak within the thermocline and that the
eddy diffusivity (K,) is only ~107° m? ™!
(7), one-tenth the value predicted by most
models of ocean circulation (8, 9). This
discrepancy has motivated the search for
intense localized mixing, which may in-
crease the basin-wide average, and has
renewed interest in the notion that mix-
ing occurs primarily at the boundaries of
the ocean (8, 10).

Temperature, salinity, and other charac-
teristics acquired at the boundaries are
readily transferred along isopycnals or, more
correctly, along neutral surfaces (11) by
mesoscale eddies. Therefore, mixing near
boundaries generates an apparent cross-
isopycnal diffusion in the interior of the
ocean (10, 12, 13), but it must be larger by
several orders of magnitude than mixing in
the open ocean to increase the basin-aver-
age diffusivity.
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The effectiveness of mixing near the
bottom of oceans is uncertain. Various
processes can propel mixed water at a
sloping boundary into the ocean interior
(12, 14), but with little effect if the stron-
gest turbulence occurs within the dimin-
ished stratification of a mixed layer at the
bottom (15) (which is only a few tens of
meters thick). Topographically related
processes that can generate mixing hun-
dreds of meters above the bottom, where
the water is stratified, include the reflec-
tion of internal waves (16—18) and the
generation of internal tides (19, 20). Tidal
energy may be an important source for
mixing. The rate of tidal dissipation by
friction is (2.5 = 0.05) X 102 W (21),
and shallow seas can account for one-half
to three-quarters of it (22). The missing
dissipation has been puzzling, but tidal
energy can also be converted into internal
waves by interaction with topography
(19), and the energy flux to internal waves
may account for almost half of all tidal
dissipation (23).

Here we describe large amounts of mix-
ing around Cobb Seamount, located 500
km west of the United States at 46°45'N
and 130°50'W (Fig. 1), and discuss the
implications for basin-wide diffusivity.
The proximity of this seamount to the
coast and its shallow depth make it ame-
nable to measurements of mixing that
would otherwise be difficult and limited in
scope. Cobb Seamount rises from the abys-
sal sea floor at a depth of 3000 m to a
narrow pinnacle 27 m below the surface of
the water. Slopes are small inward from
the rim at 250-m depth. Microstructure
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measurements, taken with the fast light
yo-yo (FLY II) profiler (24), provide esti-
mates of the rate of dissipation of energy
and diffusivity. Three current meter moor-
ings were placed along a line east of the
pinnacle on the flat top (153-m depth),
near the rim (200-m depth), and on the
flank (350-m depth) of the seamount (25).
Each mooring had three meters placed 3,
10, and 50 m above the bottom.

A section of vertical profiles of the rate
of dissipation of kinetic energy taken from
the pinnacle to 14 km south-south-west
over an interval of 12 hours shows that
this seamount is a source of enhanced
turbulence (Fig. 2). Dissipation rates far
away from the seamount were typical of
those in the open ocean (e ~ 107° W
kg™!). However, 3.5 km out from the rim
(7 km from the pinnacle) the rate of dis-
sipation reached 107> W kg™ ! in layers at
250- and 300-m depth. The ocean bottom
in this region is at 1000 m. Farther inward,
all profiles also showed high rates of dis-
sipation, and inward of 2.5 km from the
pinnacle, rates were high close to the bot-
tom (10 to 50 m from the bottom) but not
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Fig. 1. Color-coded topographic chart of Cobb
Seamount. The dark red region represents the
summit plain at a depth of 200 to 250 m, and dark
blue shows the surrounding abyssal plain at
3000 m. Each side of the box is 32 km long. The
location of Cobb Seamount relative to the west
coast of North America is shown at the top.
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within the bottom boundary layer.

An internal wave of semidiurnal tidal
frequency (12.5 hours per cycle) emanated
from the rim (curve in Fig. 2). All three
current meters at the rim (26) reported
energetic semidiurnal oscillations. The
slope of the seamount just above the rim is
slightly supercritical for the reflection of
semidiurnal internal waves, implying that
waves generated at the rim are more likely
to propagate outward than inward. Thus,
such internal waves are a likely source of
energy for the strong turbulence around
Cobb Seamount. FLY II could not profile
deeper than 300 m, which is unfortunate
because some of the most intense turbu-
lence occurred near this limit; thus, the
rate of dissipation may be underestimated.
A subsequent 20-hour time series of pro-
files, taken near the east side of the sea-
mount, also shows that dissipation was
high (same order of magnitude) in a layer
at the depth of the rim as it was on the
south-south-west side (Fig. 2).

We estimated the effective cross-isopyc-
nal diffusivity using the following relations:

BA = B,A,

B = K,N? = Te (1)
,_ _ 80
poz
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Depth (m)
g
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T

where B is the vertical buoyancy flux near
the boundary, A is the area of the enhanced
mixing near the boundary at a constant
density surface, B is the effective buoyancy
flux that the boundary mixing produces in
the ocean interior, A_ is the area of the
ocean interior for the same constant density
surface, K is the eddy diffusivity, N is the
buoyancy frequency (a measure of the strat-
ification and the highest frequency of oscil-
lation of a surface of constant density), p is
the density, € is the rate of viscous dissipa-
tion of turbulent kinetic energy, g is the
gravitational acceleration, z is the vertical
coordinate increasing upward, and T is the
mixing efficiency. The buoyancy flux is in-
directly determined from the dissipation
rate by B = T'e, where I' ~ 0.2 has been
established theoretically and experimental-
ly (27, 28).

If the rate of dissipation everywhere var-
ies radially as in our transect, we can assess
the total effect of mixing around Cobb Sea-
mount. Taking € = €(r, z) and B = B(r, z)
and using Eq. 1 gives

B.()Ay(z) = f B(r,2)dA(r,2) = 2B(2)A;

(2)

where the sum is over every profile i, B(z)

= I'e(z), A, = 2urAr, is the area repre-
Profiles

log[e (W kg'')]

Fig. 2. A section of profiles of the rate of dissipation of energy by turbulent mixing, €, taken from the
pinnacle to 14 km away over Cobb Seamount. The location of each profile is marked by the ticks along
the top, and the solid black object represents the seamount. The base 10 logarithm of 10-m averages
of e is plotted to compress the range of values. Contours for e = 106, 107, and 10~8 W kg~ are
highlighted. The solid line that begins at the rim and extends outward is the path of an internal wave of

semidiurnal frequency emanating from the rim.
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sented by a profile, r, is the distance of a
profile from the pinnacle, and Ar, is the
width of the ring within which each pro-
file is centered. The area of open ocean
needed to do as much mixing as occurs
around Cobb Seamount is determined by
replacing B/(z) with T'e(z), taking the
open ocean buoyancy flux as B, (z) =
K N?(z), where K, = 107° m? s~!, and
using N?(z) from the profiles away from
the seamount; thus,

2ml Ee,(z)r,-Ar,-

A =g N

(3)
For depths below the rim (~220 m), the
mixing around Cobb Seamount is the
same as that produced in 100,000 km? of
the open ocean (Fig. 3), that is, 0.06%
of the entire Pacific Ocean. Because mix-
ing rates usually vary in space and time by
several factors of 10, the average of a finite
number of observations may suffer some
statistical uncertainty. The 20-hour time
series spanned almost two semidiurnal pe-
riods and showed no tidally related varia-
tions, and the time series and section were
separated by 90° on the perimeter. The
neap-spring tidal variation will modulate
the production of internal-wave energy
and our observations were made during the
neap, when this production and, hence, mix-
ing should be at a minimum. Thus, we may
have underestimated the temporal average
effect of mixing. The maximum equivalent
area of mixing in the open ocean decreases
by less than a factor of 3 if we exclude the
profile with the most intense mixing (the
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Fig. 3. The area of open ocean required to pro-
duce mixing equivalent to that observed within
14 km of Cobb Seamount (thick line). Below the
depth of the rim (220 m), the topographically
induced mixing is the same as that provided by
105 km? of open ocean, an amplification of 10°
based on the area enclosed by the rim. The thin
line was computed without using the profile with
the most intense turbulence, to indicate that the
statistical variability of the data is modest.
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one taken 6.8 km from the pinnacle).
Finally, the most intense mixing was found
near the depth limit of the profiler, which
also suggests an under- rather than an
overestimate.

If all of the approximately 30,000 sea-
mounts in the Pacific (29) were as effective
as Cobb, they would produce 20 times the
mixing that the deep open ocean Pacific
does and raise the effective diffusivity to
107* m s~2, the value predicted by Munk
(I1) and preferred in circulation models.
However, most seamounts are deeper than
1000 m, which limits their effect to deeper
water.

Similar measurements have been made
at Fieberling Guyot. It has a summit plain
at a depth of 500 to 700 m. There the
dissipation rate is high in a layer 200 m
thick above the plain (compared with
along the rim at Cobb) and averages 3 X
1078 W kg~ ! (30), nearly a factor of 10
smaller than at Cobb Seamount. Stratifi-
cation is smaller at Fieberling Guyot, and
the diffusivity (Eq. 1) at the two sea-
mounts thus differs by only a factor of 2.
Three profiles taken over the deep flank of
Fieberling Guyot at 20 km from its center
showed that diffusivity exceeded 10™* m?
s~ ! between depths of 2500 and 3000 m
(31): 1/100 the value beside Cobb Sea-
mount but over an area 10 times as large.
The net contribution to mixing by Fieber-
ling Guyot is thus about 1/10 that by Cobb
Seamount.

A recent layered model of steady
geostrophic circulation driven by wind
stress and buoyancy flux (9) calls for a
diffusivity larger than 107* m? s™!. The
radiation imbalance between the tropics
and polar regions is compensated by a
meridional transport of heat in the atmo-
sphere and the upper 1 to 2 km of the
ocean: ~2.0 X 10 W for the global
ocean and ~0.8 X 10> W for the Pacific
(32, 33). The problem is, if the vertical
eddy diffusivity is constrained to 107* m?
s ! or less in the model presented in (9),
then the required meridional heat trans-
port cannot be supported without an un-
realistically large vertical temperature gra-
dient in the thermocline. Very vigorous
mixing must be occurring in some special
regions of the ocean, and the bound-
aries—seamounts, the continental mar-
gins, ridges, and the ocean surface—make
good candidates.

Topographically induced mixing may
help us break the intellectual juggernaut
of an ocean with an apparently small dif-
fusivity that can only be modeled by using
“unrealistically” large values and help us
find the tidal dissipation “missing” from
shallow seas. Topographic effects must be
incorporated into climate models, and this

may prove troublesome because most sea-
mounts are smaller than the grid scale of

models (34).
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