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Physical processes in the benthic boundary layer

By K.]J. RicHARDS
Department of Oceanography, The University, Southampton SO9 5NH, U.K.

The benthic, or bottom, boundary layer is the region of the ocean adjacent to the
ocean floor. Bottom-generated turbulence mixes properties such as temperature and
salinity to produce a homogeneous layer a few tens of metres thick. The physical
structure of the layer affects biological, chemical and geological processes at or near
the ocean floor and how these processes communicate with the ocean interior. Recent
observations have uncovered a richness in structure of the layer; benthic fronts,
benthic storms, fluid ejection and enhanced mixing behind sea-mounts. Results from
observational and modelling studies is reviewed. The implications for the dispersion
of tracers and residence time within the layer is discussed.
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1. INTRODUCTION

To the casual observer, the region of the oceans waters close to the bottom, ten or so metres
thick, may seem insignificant when considering the flow, chemistry or biology of the much
deeper ocean above. However, it is here that chemical species are exchanged across the
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sediment—water interface, benthic communities live and sediment is transported by currents
frequently producing bed forms, changing the morphology of the surface and thus shaping the
currents that formed the bed features. Bottom friction is considered to be an important sink of
energy of motions in the ocean interior through Ekman pumping. This Ekman pumping,
through vortex stretching, also affects the synoptic-scale eddy field above (see §3.3). A
knowledge of the physical processes controlling the flow and density structure close to the ocean
floor is vital to understanding the chemical, biological and sedimentalogical processes at or near
the ocean floor and their relations with the ocean interior.

Close to the ocean floor currents are retarded by bottom friction. The resultant vertical shear
of the flow becomes turbulent. The turbulence mixes properties such as temperature and
salinity to produce a homogeneous layer some tens of metres thick. The layer is often capped
by a region of strong density gradient inhibiting exchange of properties between the mixed

layer and above. Turbulence generated at the bottom is restricted to this layer, the benthic
boundary layer. Until recently observations of the benthic boundary layer have been limited.
Measurements of temperature and salinity showed a mixed layer often several times that
expected by existing one-dimensional models (see, for example, Armi & Millard 1976). We
have since realized that the simplistic one-dimensional view of the layer is inappropriate. Even
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over a flat ocean floor the layer is horizontally inhomogeneous. Armi & D’Asaro (1980) studied
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the bottom mixed layer at a site in the western Atlantic and found the height of the mixed layer
to vary between 5 and 60 m over horizontal distances of 20 km and periods of 15 days. The
layer is at least intermittently turbulent (D’Asaro 1982) with the turbulence being confined to
the mixed layer. The much weaker stratification of the eastern Atlantic (Saunders 1983) and
eastern Pacific (Hayes 1979) makes it difficult to detect the presence of a mixed layer.
However, by careful analysis of temperature measurements made in the eastern Atlantic it has
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4 K.J. RICHARDS

been possible to deduce that the average height of the layer is approximately 50 m, becoming
less than 10 m on some occasions and greater than 100 m on others (Saunders & Richards
1985). Measurements using electromagnetic current meters show the flow to be turbulent with
the ratio of the variance of the flow to the mean to be similar to other geophysical boundary
layers (Elliott 1984). The observations of Saunders (1983) show that the height of the mixed
layer is not correlated with the strength of the flow above the layer as is implied in a one-
dimensional model. Even in strong current régimes, such as that studied in high-energy benthic
boundary layer events (HEBBLE), much of the changes in structure of the boundary layer at a
given point are believed to be due to advection (Weatherly & Kelly 1985; Gross & Nowell
1990, this symposium).

As mentioned above, the relatively strong density gradient at the top of the mixed layer
inhibits exchange of fluid and chemical constituents with the ocean interior. There are,
however, a number of processes that can cause fluid to escape from the benthic boundary layer.
A study of these processes is important in assessing the role of the layer in isopycnal mixing
processes in the ocean and the flux of tracers from the ocean floor to the interior. It is only
through such processes that the interior can communicate with the sea-bed. A number of these
escape processes will be discussed in §3. The bulk of the discussion will centre on the action of
synoptic-scale eddies. Dispersion of a tracer is investigated and an estimate given of the
residence time for particles to remain within the mixed layer. But first, we will consider the
vertical structure of the benthic boundary layer.

2. VERTICAL STRUGCTURE

The current close to the sea-bed has three main components, the semi-diurnal tide, inertial
oscillations and low frequency synoptic-scale eddies. On the Madeira abyssal plain, for
example, these have periods of 12.4 h, 22 h and 50 to 100 days and amplitudes 3 cms™,
! respectively (Saunders 1983). The development time of the mixed
layer is of order a few days. We can therefore ignore the time variation of the synoptic-scale

1.3cmstand 2.5cms”

eddies in studying the vertical structure of the layer. The unsteadiness of the flow at tidal and
inertial frequencies, however, does have to be taken into account.

For a horizontally homogeneous flow over a flat surface the height of the boundary layer will
depend on the Earth’s rotation, the distribution of density and the unsteadiness of the flow. As
has already been mentioned, observations suggest that the height must be controlled by other
factors, such as horizontal advection. However, a study of the one-dimensional case is
instructive in giving the expected vertical distribution of mean flow and turbulent stresses
within the layer, the surface stress and the development time of the layer.

A number of authors have considered the one-dimensional problem (Wimbush & Munk
1970; Weatherly & Martin 1978; Bird ¢t al. 1982; Richards 1982a). The heat flux is taken to
be zero (the flux of heat due to geothermal heating has been shown to be negligible (Wimbush
& Munk 1970)). Models differ in the turbulent closure taken. Richards (1982 4) uses a second-
order closure scheme based on that used by Wyngaard (1975) for a stably stratified
atmospheric boundary layer. The prime reason for going to a second-order scheme was to
include time history effects on the turbulence (so called rapid distortion effects). The results for
a typical case are shown in figure 1. This shows the development after 3 days of an initially
linear temperature gradient with buoyancy frequency N = 107® s™! under the action of a steady
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FicURE 1. Profiles of the turbulent stress components @7, the variance components #?, #%, and w? and the mean (non-
dimensional) temperature @ for a stably stratified steady flow of 5 cm s™! with buoyancy frequency N = 107 5™
after three days of mixing (Richards 19824).

current of Uy =5cms™!

. The Coriolis parameter f= 10"*s™'. A mixed layer of 13 m has
developed, which is capped by a region of strong density gradient. The height of the profiles
of Reynolds stresses are restricted to this layer. The friction velocity uy = 4.38 X 1072U,. The
direction of the flow veers with height on a height scale of 0.8u, /f with the angle of the surface
flow to the geostrophic flow above being 13.2°. As the layer thickens the density gradient
strengthens and inhibits further mixing.

The results suggest that the maximum height of the mixed layer for a steady current U, is
iven approximately b 1
BIVER AP v hy = 01U, (J/ N)¥/f. (1)

The growth of the layer after this height predicted by the model is very small (due to
diffusion of turbulent energy). It is also after this height that internal waves effectively radiate
away energy that was formerly available for increasing the layer depth. The height given by
(1) is approximately twice that given by Weatherly & Martin (1978) who, using a criterion
based on the local Richardson number, find

hy = 0.05U,/f(1+ (N*/f%))s. (2)

The final stages of development of the model of Richards (1982a) are very dependent on the
modelling of third-order correlation terms in the Reynolds stress equations. Expressions (1) and
(2) should therefore be treated as upper and lower bounds, respectively, on the height of the
mixed layer.

The time development of the mixed layer height is given approximately by

h=hy(l—e™), (3)

where @' & 3 days. This is approximately twice the development time given by the model of
Weatherly & Martin (1978). The reason for this difference is the inclusion of rapid distortion
effects in the turbulence model of Richards (1982 a) so that local shear and stress terms are no
longer exactly in phase and the production of turbulent kinetic energy is reduced.

For an unsteady flow the depth of the mixed layer depends on the frequency of the flow, w.


http://rsta.royalsocietypublishing.org/

A\

Py
R

JA

L3

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

YA \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

6 K.]J. RICHARDS

For w > 1.5/ the equilibrium height of the layer is less than that for the steady case. For a semi-
diurnal tide with @ = 2f the height is 259, less than the steady case. For inertial oscillations
(w = f) the unstratified boundary layer is essentially unbounded. The time derivative term
balances the Coriolis term away from the surface in the horizontal momentum equation. In
practice the flow is stratified and the depth of the layer will be limited by the radiation of
inertial and internal waves as in (1).

3. HORIZONTAL STRUCTURE : ESCAPES FROM THE MIXED LAYER

A number of processes occurring at or close to the bottom that can affect the horizontal
structure of the benthic boundary layer are sketched in figure 2. As suggested in the sketches
these processes can also lead to an escape of boundary fluid together with associated tracers,
etc. The various processes are discussed in the following sections.

(a) Fronts (b) Intersecting isopycnal surfaces

TTT I T T T T 77777

(L‘) Synoptic scale eddies (d) Topography

P

Q :j

":i-f——‘ 2, .'-'\g

TTT 777

Figure 2. Sketches of a number of processes that can develop horizontal structure in the benthic boundary layer
and that can cause boundary fluid to escape from the bottom. The solid lines represent isopycnal surfaces and
the dotted regions a tracer.

3.1. Fronts

A striking feature of the temperature records in the benthic boundary layer is the presence
of frontal features. Thorpe (1983) describes persistent fronts of about 4 m °C which are
advected with the tidal flow. A typical front has a width of 300 m and a tilt of 10° to the
horizontal. One front was observed to extend over 30 km in the horizontal and 600 m in the
vertical. Possible mechanisms for the formation of these fronts include surface convergences
caused by synoptic scale motions similar to frontal formation in the upper ocean (McVean &
Woods 1980) or the direct action of eddies as outlined in §3.3.2.

The ejection of fluid close to the bottom is possible along the isopycnal surfaces. This process
has been observed in the upper ocean (Woods et al. 1977). There are no direct observations in
the deep ocean.

3.2. Sloping boundaries and intersecting isopycnal surfaces

A sloping boundary will intersect the isopycnal surfaces in the ocean. This can also occur on
a flat surface if the isopycnals themselves are sloping. Fluid originally in the mixed layer can
then escape along a surface of the same density. The processes occurring at sloping boundaries
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BENTHIC BOUNDARY LAYER 7

will be discussed in detail by Thorpe et al. (1990, this symposium). Here the process is
illustrated by the results from a hydrographic station taken on the Madeira Rise (a slope of
107?), figure 3. Profiles of potential temperature and transmittance are shown. The potential
temperature shows a mixed layer 50 m thick with a weak temperature gradient above. The
changes in transmittance are due to changes in sediment content, the lower the signal the
higher the concentration of particulate matter. The mixed layer is characterized by low values
indicating active mixing. Above the mixed layer a series of layers extending to 300 m above the
bottom can be seen. These layers will have originated further up the slope where the relevant
isopycnal surface intersects. As the fluid moves away from the actively mixed bottom layer
suspended particules will settle with the concentration falling off with distance from the
surface. These layers are often referred to as nephloid layers. At 700 m above the bottom a very
distinct nephloid layer is seen.

634 transmittance, T (%) 650
4000 : ) '
- g
o
T ]
3 4400 A T
g
8.
4800 v T "
194 2.10

potential temperature, 8/°C

Ficure 3. Potential temperature, 6, and transmittance, 7, profiles close to the bottom from a c¢Tp station
taken on the Madeira Rise, Discovery cruise 139 (Elliott et al. 1983).

3.3. Synoptic-scale eddies
3.3.1. Variation of mixed layer height

Horizontal variations in the interior flow of the ocean will cause deformations of the height
of the bottom mixed layer through Ekman pumping. A major comtribution to the horizontal
variation in currents in the deep ocean is from synoptic-scale eddies with horizontal length
scales of 50-200 km and speeds of a few centimetres per second. Armi & D’Asaro (1980) suggest
that the variations in mixed layer structure they observed are due to the action of synoptic-scale
eddies. Direct observation of the interaction of eddies and the mixed layer is difficult due to
both observational difficulties at such depths and a decoupling between the forcing agent, the
eddies, and the layer structure (Richards 1984).

Ekman pumping causes a divergence of fluid within the mixed layer and hence reduction in
the height of the layer under anticyclonic eddies and a convergence and thickening under
cyclonic eddies.
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8 K.J. RICHARDS

Arguments based on the conservation of potential vorticity show that a relatively small
distortion of the mixed layer height (O(10 m)) will induce an O(1) change in the vorticity of
a synoptic-scale eddy in contact with the bottom. A model to study the synoptic-scale forcing
of the benthic boundary layer needs to be coupled with a model of the ocean interior. Such a
model has been developed by Richards (1984). The interaction of eddies and the bottom mixed
layer can have interesting consequences for the system as a whole. Due to frictional effects the
advection speed of disturbances in the mixed layer differs from that in the interior. This can
induce an instability (Richards 19824) or generate strong zonal flows (Richards 1984).

A typical result from the model of Richards (1984) is shown in figure 4. The parameters of
the experiment are similar to experiment 8 of Richards (1984) but taken on an f plane
(f = 0) to give a homogeneous, isotropic turbulence field. The flow is considered in an open box
500 km square, which is assumed to be periodic in both horizontal directions. In the vertical the

l}’] l}lz

Ficure 4. Typical streamfunction maps for the flow in the upper two layers ¥, ¥, and the mixed layer height, 4,
from the model of Richards (1984). The box is 500 km square. The average speed of the flow in the upper two
layers is 4 cm s™'. The contour interval for / is 12 m. The shaded regions are where /4 has been depressed below
its equilibrium height.

model has three layers, the upper two model the stratified interior of the ocean. Their depths
H,, H, and densities p,, p, are chosen so that the barotropic and first baroclinic modes of the
model are similar to those of the ocean. The lowest layer is the bottom mixed layer. The mixed
layer height is assumed restricted by stratification and capped by a strong density gradient.
The flow is governed by the quasi-geostrophic potential vorticity equation in the upper two
layers. A constant eddy viscosity is used in the boundary layer equations so that an explicit
equation can be derived for the mixed layer height. Energy is input into the upper layer to
produce an eddy field. These eddies interact with the second layer, which in turn interacts with
the mixed layer where the energy is dissipated (see Richards (1984) for details). Figure 4 shows
the instantaneous streamfunction fields for the upper two layers and the mixed layer height.
The undisturbed mixed layer height is taken to be 30 m. Those regions below this height are
shaded in the figure.

The eddies in the second layer have an average speed of 4 cm s™ and have a length scale of
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BENTHIC BOUNDARY LAYER 9

50 km (the horizontal length scale is taken to be the zero crossing of the transverse velocity
correlation). The mixed layer height has small intense features with regions of large gradient.
The height of the mixed layer varies between 0 and 100 m and has a horizontal scale of 35 km.
Changes in mixed layer height are found to be dominated by horizontal advection. Although
the vorticity of the eddies is responsible for creating deformations of the mixed layer height the
two quickly become decorrelated. '

3.3.2. Entrainment and mixed layer detachment

When the thickness of the mixed layer is reduced by the action of eddies the top of the mixed
layer is brought closer to the bottom. The turbulent energy at the interface between the mixed
layer and interior increases and fluid is entrained into the mixed layer from above producing
a patch of boundary layer fluid that is lighter than its surroundings (figure 2¢). Entrainment
may also occur in a manner suggested by Smeed (1987). In a laboratory experiment he
produced anticyclonic motion in a deep layer of fluid above a thin dense layer. The interface
is depressed. Lighter interior fluid is swept under the heavier boundary layer fluid by the
Ekman flux. A convective instability then takes place producing mixing between the two fluids.

In either case the warm patch of fluid may be lifted off the bottom by buoyancy forces. The
observations of Armi & D’Asaro (1980) show the existence of interior layers uniform in
temperature above the bottom mixed layer. There is evidence to suggest that these interior
layers are formed by the detachment of the bottom mixed layer and may be the principal
mechanism for fluid to escape the bottom layer. Measurements of heat fluxes suggest that the
exchange time (the time for fluid to enter, mix and leave the bottom layer) is between 4 and
600 days (Armi & D’Asaro 1980). From their measurements of detached mixed layers Armi
& D’Asaro estimate the exchange time to be roughly 100 days.

The residence time for fluid to remain within the bottom layer therefore depends on the
length of time it takes a fluid particle to come into contact with a warm patch (see §3.3.3).

Entrainment-detrainment processes have to be necessarily parametrized in the model of
Richards (1984). The evolution of the temperature field of the mixed layer in the model shows
areas of warmer water which are surrounded by regions of strong temperature gradients, these
are very persistent, lasting well over 100 days. At a fixed location the height of the mixed layer
is found to vary over a period of approximately 20 days with occasional sharp increases in
temperature occurring (figure 5). Episodes of similar structure and duration are seen in the
temperature records of Armi & D’Asaro (1980). It is possible that the fronts observed by

100T

10

Do W/g

Ficure 5. The height (solid line) and temperature (dashed line) of the model mixed layer
at a fixed point as a function of time.
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10 K.J. RICHARDS

Thorpe (1983) could also have been formed by the action of eddies. The temperature
difference of 4 m °C observed at a typical front requires a vertical downward displacement of
approximately 50 m.

3.3.3. Particle dispersion and residence time

A tracer will be dispersed within the benthic boundary layer by three principal processes.
(a) Vertical mixing. Three-dimensional turbulence within the layer will mix a tracer over the
depth of the layer. The mixing time, 7, is given by

TR h /44, (4)

where £ is depth of the layer and A, the vertical eddy diffusivity. Taking 4= 50 m and
A, =50 cm®s™* then 7~ 2 d.

(b) Ttidal dispersion. Tidal mixing will enhance the horizontal dispersion of a tracer through
shear dispersion. An expression for the effective horizontal diffusion coefficient K,, due to
Bowden (1963), is K, ~ ah, (5)
where # is the depth-mean amplitude of the tidal velocity and « a constant of O(1). Typical
values for the deep ocean give K, ~ 10® cm s™%.

(c) Eddy dispersion. For periods in excess of a few days, the large length- and timescales of
synoptic-scale eddies will dramatically increase the effective diffusion coefficient. An estimate
of the diffusion coefficient is given by K ~ T (6)
where #® is now the variance of the eddying motions and 7, the lagrangian integral timescale.
Again, for the deep ocean we expect (Saunders 1983)

K, ~ 105107 cm®s™".

Dispersion above and within the benthic boundary layer by synoptic-scale eddies was
studied by seeding the flow given by the model of Richards (1984) with particles. The flow field
taken was that of the experiment shown in figure 4. Arrays of 289 particles were released with
an initial separation of 16 km both within the benthic boundary layer and the layer above. The
model was then run on for a further 90 days and the tracks of the individual particles
calculated. Five such releases were done giving a total of 1445 particle tracks in each layer. A
measure of the spread of particles is given by the mean squared separation between particles
{R*) taken over all particle pairs with an initial separation of 16 km. Once the mean separation
between particles is larger than the integral length scale of the eddies then, because the
turbulence is homogeneous and isotropic, the rate of change of {(R*) becomes constant. The
effective eddy diffusion coefficient is then given by 3d/d«{R?>. The diffusion coefficient above
the layer was found to be K, = 8 x 10° cm® s™! in good agreement with expression (6). Within
the layer this value is reduced to K, = 5 x 10® cm® s™. (The layer diffusivity can be sensitive
to the model parameters. Reducing the undisturbed mixed layer to 15 m gives a somewhat
different flow régime with large areas of shallow mixed layer and a strong interaction between
the mixed layer and the flow above. In this case the mixed layer diffusivity was found to be
a factor of ten less than the diffusivity above the layer.)

In calculating the tracks of particles placed in the mixed layer it has been assumed that the
particles remain in the layer. In practice some of these particles will escape from the boundary
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BENTHIC BOUNDARY LAYER 11

when fluid is lost from the layer either through detachment of the layer from the bottom or by
the ejection of fluid at fronts. The numerical model predicts likely places of mixed layer
separation (§3.3.2). It is assumed that a particle entering such an area will escape from the
bottom layer. After 90 days only 10 9, of particles not initially placed in a possible detachment
site were lost. Extrapolating these results to later times gives an estimate of 800 days for the
average residence time of particles in the mixed layer. As it is uncertain whether all warm
patches will detach from the bottom this time should be treated as a lower bound on the
residence time. The residence time for fluid in regions where the mixed layer is deeper and
colder is therefore much greater than the average residence time for all particles, approximately
100 days. In 800 days, with a diffusivity of 5% 10® cm s™, a tracer cloud initially 10 km in
diameter will have increased to a diameter of 400 km with two-thirds of the tracer having
escaped from the bottom.
3.4. Topography

In 800 days a fluid particle within the mixed layer is likely to have encountered an abyssal
hill or the sides of a basin. It is therefore important to consider the effects of topography on the
structure of the mixed layer and possible mechanisms for fluid escape. Topography can affect
the near surface flow in two ways. Firstly, the flow will be distorted as it encounters the
topography. This will tend to produce anti-cyclonic flow over hills and cyclonic flow over
depressions (see, for example, Hogg 1980). Observations of anti-cyclonic flow over hills in the
deep ocean include Gould ¢/ al. (1981) and Saunders (1988).

Secondly, the boundary layer may separate from the surface of the topography, a
particularly effective mechanism for fluid to escape from the boundary. The topology of the
separation depends strongly on the horizontal length scale of the hill, L, the hill height, 4, the
speed of the flow, U, and the stratification of the fluid, or buoyancy frequency, N. These can
be combined to form the three non-dimensional parameters, the hill slope € = £/L, the Rossby
number, Ro = U/fL, and the Froude number, Fr = U/ Nh. A number of laboratory experiments
have been conducted to investigate the dependency of the flow on these parameters, together
with some theory. For small bell-shaped lumps, or hills, deep within the boundary (& < ¢) the
effects of both the Earth’s rotation and the weak stratification will be negligible (Ro, Fr > 1).
The separation will be as sketched in figure 64 for a hill with moderate slope (¢ & O(1), see
Hunt & Snyder 1980). The flow in the lee of the hill is dominated by two counter-rotating,
horizontal trailing vortices. The separation is open in the sense that a particle arbitrarily close
to the surface upstream can be displaced permanently upwards into the body of the flow. As
the horizontal scale of the hill increases such that Ro becomes O(1) and £ > §, the boundary
layer depth, the structure of the separation changes to a single dominant trailing vortex
(Richards et al. 1990). For situations in which either Ro or Fr <€ 1 (large horizontal length scales
or strong stratifications) vertical motion is inhibited and the flow tends to be in horizontal

(a) Separation line (6) Separation line

NUINg

FicurE 6. Schematic representation of the separated flow behind a bell-shaped hill for (a) homogeneous
non-rotating flow (R > 1) and (b) rapidly rotating or strongly stratified flow (R < 1 or Fr<1).
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12 K.J. RICHARDS

planes around the hill. Separation will now be in the form of eddies with vertical axes of
rotation either attached, figure 24, or shed, figure 64 (Boyer et al. 1987; Smeed 1990).

Figure 7a shows a number of temperature profiles in the lee of a hill on the Madeira abyssal
plain obtained by yo-yoing a crb. They show regions up to 2 km away from the hill where the
temperature gradient is almost homogeneous in a series of layers, suggesting enhanced mixing
in the lee of the hill. The surfaces of constant potential temperature (figure 74), approximate
isopycnal surfaces, show great changes in thickness along the section. The flow parameters
are € =0.2, Ro=0.08 and Fr=0.14. These are marginal for the formation of closed
streamlines, a Taylor column, above the hill, but we would expect the flow to be constrained
to be predominantly around rather than over the hill. The temperature profiles do not show
the existence of an extensive trailing wake, although it must be stressed that the measurements
are severely limited. More detailed studies of different flow régimes over topographic features
are required.
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Ficure 7. A number of potential temperature profiles, (a), and the potential temperature surfaces, (), in the lee
of a hill on the Madeira abyssal plain (courtesy of P. M. Saunders). Successive potential profiles are displaced
by 5 m °C to the left. The flow is approaching the hill from the right of the figure. The hill height is 400 m and
horizontal length scale 2.5 km. The flow speed is 2 cm s™ and the buoyancy frequency N =3.5x 10757,
giving € = 0.2, Ro = 0.08 and Fr = 0.14.

4. CONCLUSION

This paper highlights a number of physical processes that affect the density and current
structure close to the sea-bed. To gain an understanding of bottom or near bottom processes
we require to put mixing, chemical and biological processes into a proper physical context.
This is also true in assessing the effect of ocean boundaries on interior processes; for instance
it is still unclear where the majority of isopycnal mixing occurs in the ocean (the interior against
edge question). For the bottom (including sloping regions) to be important, information needs
to be transmitted to the interior. Simple Ekman pumping is not enough to transfer fluid and
associated tracers. A number of boundary layer escape mechanisms have been identified
although quantitative estimates for fluxes, etc., are still needed in many cases.
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The richness in structure of the benthic boundary presents observational difficulties. Both
theory and observations show that horizontal advection plays a dominant role. Individual
point measurements are therefore usually difficult or impossible to interpret. Well planned
tracer experiments may prove to be the answer. One such suitable tracer is ***Rn which has
a half life of four days. To date, measurements of this tracer have been rather haphazard
although the study of Sarmiento ef al. (1978) suggests the usefulness of this particular tracer.
Sampling at time and space scales set by the physics of the processes discussed in §3 together
with physical measurements will give a clearer picture of the mechanisms involved.
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