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Abstract

The particulate matter concentration above the seabed is usually assumed to decrease with height, following an exponential
or Rouse profile. Many particulate matter concentration profiles with a peak were found on the North Mediterranean bottom
water at a few tens of metres above the bottom. A particle size signal at the same altitude was found in this area and on the New
York Bight shelf. It is assumed that this unexpected shape is due to a cloud of resuspended cohesive sediments originating from
an impulse resuspension process. A simplified three-dimensional numerical model is proposed to describe the behaviour of
resuspended particulate matter that originates from a sediment impulse vertically injected in the bottom water. This model
reproduces the concentration profile shape observed, and it gives indications concerning the length and time characteristics of
such a cloud, depending on the water velocity and bottom boundary layer properfiéé0 Elsevier Science B.V. All rights
reserved.

Keywords Sediment; Sediment resuspension; Cohesive sediment; Nepheloid layer

1. Introduction (Fig. 1) and the CYBELE cruise (April/May 1990)
(Fig. 2).

Usually, the concentration of particulate matter Particle size distribution (PSD) may also be a good
(PM) above the sea bhottom is expected to decreasemarker of the resuspension processes; indeed, the
with distance from the bottom, following an exponen- sediment particle mean size is always larger than the
tial law (Biscaye and Eittreim, 1977) or Rouse profile. PM one above the seabed, at steady state (Brun-
This is because the steady state hypothesis implies theCottan, 1984). Some vertical particle mean size
balance, at every height above the bottom, of the profiles present a maximum value, or bump, in the
gravitational settling flux and the vertical mixing first tens of metres above the bottom in the New
flux. Some vertical concentration profiles showing a York Bight. This was observed at several locations
non-exponential shape with a maximum concentra- during the RACACA 1980 cruise.
tion value at several metres above the bottom were The hypothesis that the observed PM concentration
found in North Western Mediterranean. This shape or PM mean size bumps originate from the advective
was found during the PHYCEMED 1987 programme longitudinal transport of layers brought out

from coastal waters, shelf waters or from isolated

mpon ding author. bathymetric accid.en.ts has a very poor probability of
E-mail address: brun-cottan@geos.unicaen.fr (J.C. Brun- applying here. This is because the altitude above the
Cottan). bottom of these observed PM signals is always less
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Fig. 1. Suspended particles in Northwestern Mediterranean (PHYCEMED cruise): mass concentration and mean size versus height above the
seabed. The lag time between Gy-L and Gy-LB is 1 month. The water depth is 1950 m.

than 50 m and the reported measurements weretions are at quasi-steady-state, a brief injection of
obtained above the flat bottom areas, at the consideredbottom sediment can locally appear. This resuspen-
phenomenon scale. They actually do not depend onsion process is thought to be triggered by a local
seabed depth and roughness or distances from knowninput of an excess energy in the system, at the scales
PM sources. In a given location, they can be either of a few seconds and some tens of metres. These
present or not, depending on the moment of the obser- mechanisms may reflect local random fluctuations of
vation. Moreover, the advective longitudinal transport the bottom velocity that exceed the critical erosion
(including the influence of some obstacles of few metres shear stress value. These increases of the bottom velo-
size) does not fit the time variability of the PM signal city can be provided by the propagation of energy
above the seabed. Signal variability reported in the New from a variable intense wind field (down to the deep)
York Bight (Churchill et al., 1994) and in the South East or by any periodic or variable process such as tidal
area of Nova Scotia during the HEBBLE project at currents, internal waves, bottom fishing gear (Churchill
more than 4000 m depth (Hollister et al., 1984). et al., 1994). The considered initial puff of resuspended
From the previous results, it is assumed here that sediment moves and spreads, submitted to the water
the atypical concentration or particle’s mean size velocity field and the turbulent mixing mechanisms.
profiles found during these cruises result from the  The possibility that spatially confined sediment
behaviour of temporary clouds of resuspended cohe- resuspension can both produce Rouse (exponential)
sive sediment in the bottom water shear flow. Thus, and bump profiles of PM concentration or mean size
the aim of this paper is to show that, in the mixed layer is tested here. This can be done by the numerical
above the seabed, where the hydrodynamical condi- simulation of the transport and mixing of a spatially
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Fig. 2. CTD profile in the Gulf of Lion (CYBELE cruise, 1990, R/V
Marion Dufresng. The beam attenuation was measured with a light
transmissometer.

confined sediment cloud within the bottom boundary
layer (BBL). The BBL is characterized by a sheared
flow and high values of the horizontal and vertical
mixing coefficients (Armi and Millard, 1976).

2. Experimental data

The PHYCEMED programme is located in the Gulf
of Lions (Northwestern Mediterranean), above a flat

(100 and 28Qum, giving a size spectrum memorized
in 2x 256 channels), which allows measuring the
particle size ranging from 1.2 to 13(m. The PSD
parameters (mean, median, mode sizes and quadratic
dispersion) were estimated by fitting a log-normal law
(Brun-Cottan, 1986). Previous measurements in a
given bottle have shown that repetitive Coulter
measurements provide a dispersion of the PSD central
parameters less than 5%. The Gy-L station is far away
from the shelf breaks of France and Corsica (more
than 100 km) and the seabed is very flat with a
depth of 2000 m. This station was occupied twice
with an interval of one month (Fig. 1). The first time,
the PM concentration and the mean particle size profiles
corresponded to the classic exponential Rouse scheme,
the wind was calm during the cast and the week before.
On the second occasion, an increase as a bump of both
the PM concentration and the particle mean size was
observed at 10 m above the bottom.

The CYBELE cruise was done on the continental
shelf break of the Gulf of Lions. During this cruise,
both classical and bump PM concentration profiles
were observed many times with a turbidimeter tied
to a CTD/Rosette system (Fig. 2).

The RACACA cruise (R/VConrad LDEO of
Columbia University) was located in the SEEP |
experiment area in the waters of the Mid-Atlantic
Bight shelf and slope south of Cape Code and Long
Island. During the RACACA cruise, casts done in the
low radon zone (i.e. high vertical mixing area) show
small PM concentration near the bottom, but some
PSD profiles, also obtained with a Coulter Counter
system, show a maximum mean size around an alti-
tude of 20/30 m above the bottom (Fig. 3). The PM
mass concentration does not show maximum values at
this altitude, probably because the particle size
measurement system (Coulter Counter) is very sensi-
tive and the intrusion of large and wet sediment parti-
cles can then have a significant impact on the PSD but
not on the PM concentration (Perigaud et al., 1982).
The proportion of bump profiles regarding the Rouse

bottom at 2000 m depth at a point midway between ones is nearly 10%.

the French coast and Corsica. During this programme,

many water samples were taken close to the seabed

with a CTD/Rosette system (5-1 Niskin bottles) and

the PM concentration was measured by weighting
filtered samples. The PSD was determined with a

Coulter Counter Multisizer equipped with two probes

3. The model and its mathematical expression

The proposed idea of a local impulse-like resuspen-
sion process is tested here by the numerical simulation
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Fig. 3. Particle mean size diameters above the seabed in the New York Bight (shelf break). The three considered Rn stations were at depth:
ranging from 300 to 900 m.

of the behaviour of a short vertical pulse of cohesive as a function of time, the development of the profile is

sediment in the BBL. The BBL is considered well studied and also the fraction of the cloud mass lost by

developed with a rough bottom and with no viscous the redeposition of the particles.

sub-layer. Thus, the water velocity and the turbulent  The gravity centrés of the initial pulse of particu-

mixing coefficients are calculated with the classical late matter islocated at the distances xy andy = 0

hydrodynamic methods. from the origin of the coordinates. The thickness of
Dispersion effect of a sheared velocity profile close the well-mixed bottom layer is set th. After the

to a wall was shown by Taylor (1921) and an analy- elapsed timdy, this source of particles is considered

tical solution of the transport of particulate matter distributed following a given profile (exponential or

from steady state sources was proposed by Csanadyconstant) centred along the vertical>at Then, the

(1973), particularly for elevated sources such as chim- particles spread out in the sheared flow. The spatial

neys. Perigaud et al. (1982) have initiated the simula- distribution of the PM concentration from this initial

tion of the distribution of brief sediment resuspension pulse is computed, taking into account the horizontal

from a punctual source. and vertical advective transport and the horizontal and
A single jet of cohesive sediment is assessed to be vertical turbulent mixing.

injected from a small bottom area for a short time  The coordinate origin is at the seabed, thandy-

in the water above the seabed. Thus, the spatial axis being horizontal and the-axis vertical. The

distribution of the resulting cloud of PM is simulated equation of the transport of the resuspended particles
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Table 1

Notation

Symbol Definition Units
C particulate matter concentration kg th
Comas Clomax Maximum particulate matter kgm™®

(PM) concentration at= t, for
IC1 and IC2 conditions

Cd; drag coefficient foz=1m dimensionless
h thickness of the BBL m
Im mixing length m
Mo total initial eroded sediment kg
mass
M total PM cloud mass at time kg
Ky Ky, K, diffusion coefficients regarding m?s™*
X-, y- andz-axis
N, turbulent viscosity s !
Pr turbulent Prandtl number dimensionless
T time 5
U water velocity onx-axis ms!
U, water velocity az =1 m 51
Up water velocity at the top of the ms™*
BBL
u friction velocity ms?
w vertical water velocity ms
W PM settling velocity ms!
Wepmin minimum PM settling velocity ms
X longitudinal axis m
y transverse axis m
Xo origin of the puff injection m
z upward vertical axis m
Z10 10-m altitude m
e u/u, power law coefficient dimensionless
T horizontal quadratic dispersion ofm
the initial PM cloud
Th instantaneous bottom shear stress ¥m
(Tp) mean bottom shear stress N
Tee critical erosion shear stress N
X Von Karman constant dimensionless

in X, y, zandt is:

@ N ouC + a((w — wg)C)
ot X 0z

d aC d aC d aC
=) mlog) raler) @
ox X ay\ Y ay az\ * oz
whereC is the particulate matter concentratianthe
horizontal current velocityws the mean settling velo-

city of the particles, and,, K, andK, the diffusion
coefficients (Table 1).

very small because of the flathess of the bottom
regarding the scale of the model. Thus, the vertical
convection term can be neglected and the horizontal
velocity u can be taken as a functionofThe different
length scales of vertical and horizontal motions allow
us to discard the variation of the horizontal mixing
terms. Then Eq. (1) becomes:

c + u(z)£ + W)
ot aX 0Z
9°C %C 9 aC
=KD + K2+ (K22 ). 2
X 9x2 Y ay? az( A2 0z ) @)

In the lateral directiony, the PM transport
depends only on the diffusion process. Thus, the PM
concentration regarding can be calculated with a
simple Gaussian function. This allows us to split the
PM concentration functio@ into two functionsf and
g, depending onyt) and &,zt), respectively, giving:

Cx,y,zt) = f(y,HoX z 1).

The dimension of is|~* and that ofg is C X .
Following Fisher (1979), th&y,t) function is:

! exp— Y2
AR P Akt

The g(x,zt) function, in the ,2) plane can therefore
be derived from Eq. (2):

fiy,t) = 3

%9 + u(z)% +

I-w9) _ g a<K(Z)ag)
ot 270z

0z o2 oz

=0. @)

The numerical method used to solve Eqg. (4) is
described in Appendix A.

3.1. Water velocity

The vertical distribution of the horizontal current
intensity in the considered bottom layer is expressed
according to Csanady (1973):

u@ = uh(ﬁ) (5)

where h is the thickness of the BBLU,, the water

The vertical water velocity near the bottom must be velocity atz= h anda = 0.15 (Fig. 4a).
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3.2. Vertical diffusion coefficient K

0.20
1

K, is related to the turbulent viscosity, by:

K, = PrxN,

Im

C)

zZ
1—_
AT R

wherey = 0.4 is the von Karman constant.

3.3. Horizontal diffusion coefficients,l&ind K

The actual values of the diffusion coefficidftare
difficult to determine. This is because this coefficient
is usually discarded in steady state transport equa-
tions. The formulae proposed by Fisher (1979) that
takes into account the results of Taylor (1954) and
Elder (1959), is used heré, = 5.93nu" and K, =
0.15hu". This method is used only to guide the selec-

tion of the K, values and is not actually part of the

model. The friction velocityu™ depends on the velo-
city profile and the nature of the sediment. It is deter-
mined later following the Soulsby (1983) procedure.

3.4. Particulate matter settling velocity
The settling velocity of the particles is calculated in

two ways:
e At the starting time of the experiment, the

maximum value of the PM concentratid@y.x IS
considered high enough to allow a settling velocity
following the empirical formulae established by

Thorn and Parsons (1980):

ws = K;C" (for Comax =39 I_l)

whereK; = 0.513x 10 2 andn = 1.3.
e At the time when, in a given mesky; decreases

and reaches a value of,regarded as a minimum
in the considered environmenk; maintains this

Wsmine Three specified singlesy,, values are used
in the model and are discussed later.

where Pr is the turbulent Prandtl number (Fig. 4b).
According to Lehfeldt and Bloss (1988), for geophy-
sical flows, Pr=1. The turbulent viscosityN, is
proportional to a mean representation of the fluctuat- 3 5. Boundary conditions
ing velocity and a mixing-lengti,, based on the
Prandtl hypothesis. Therefore, for a sheared flow The value oK, decreases rapidly when taealue
tends toh inside the non-stratified water being studied
(Fig. 4b). This implies that the upward resuspended
PM flux also decreases and becomes very small,
following the K, value. Above the bottom-mixed
layer, in the stratified water, the values Kf are
far less than those inside the BBL. Thus, for this

with a significant velocity gradientl, is directly
related to the local velocity gradient:

au
N, = 12| — 7
=1l (N
and the mixing length,, is expressed as (Boerick and conceptual model, it is assumed that thevalue at
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z=h can be considered null. That implies a null 19
transfer of PM from the considered layer to the
water above and then simplify the model computation.
The boundary condition &= h is then:

S}

mosse Siiouion Wy w1

aC
+ =
(KZ = WSC)Z:h 0 9

with C null at the top boundary.

It is assumed that resuspension or erosion processes
do not exist at the bottom in the considered domain
(excepted fort =< ty). Therefore, the bottom altitude
can be simply defined by= 0. This implies that the
particle settling velocityws is not modified when the
particles reach the bottom (no gradient concentration
effect is taken into account near the seabed). That
means that the bottom is considered transparent for
the PM settling flux. Thus, the bottom boundary
condition(z= 0) is:

O concertedion (g )

aC
D, o= <KZE + wsc) = wC. (10)

AsK, = 0 atz= 0, the vertical PM flux on the seabed
is only supported by the settling velocity term.

3.6. Initial conditions

The initial conditions, concerning the PM concen-
tration in the domain, could affect the shape, with
time, of the PM puff. Thus, these initial conditions 0.8
are carefully studied. At timeé = 0, a single jet of
sediment is considered vertically injected in the

P concentration (kg )
e}
N

water, providing att =ty the initial puff having a .
total massMg. The spatial distribution of this initial 0.2 /’//{\\
PM puff is assumed to follow a functioB(x,y,zto). ll ///// ///\\\
For physical and numerical reasons, the horizontal = 2 /////Q\\\
distribution cannot be a Dirac, so a Gaussian formula- S S """"z,f////// /] N
= % /////// >

tion is used (Fig. 5a): <

Cx Y,z 1)

— 2 _
- izexp(—ﬁz) exn(—w)em (1 ©@1c2
xes g g

Fig. 5. (a) Horizontal repartition of the initial PM mass in the water
Xo is the abscissa of this maximum anidA, = a?is column above the seabed, as a functiorasfdy (kg m~2). Reparti-
set to 10 to correspond to the very small fraction of the tion valid for both the initial conditions IC1 and IC2. (b) and (c)

horizontal domain from where the sediment resuspen- Vertical dl_strlbutlon of the initial PM m.ass, in the vertn;al (kg B,
as a function ok, zand fory = 0. (b) With an exponential decrease

sion is supposed to emanate. _ of the PM concentration with height (IC1 conditions). (c) With a
There is a real lack of knowledge concerning the constant value of the PM concentration for the first 20 m above the

shape and the vertical concentration profile of such an bottom (IC2 conditions).
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injection of mud coming from the sediment. Estimat-
ing a decrease of the PM concentration with the alti-

J.C. Brun-Cottan et al. / Marine Geology 167 (2000) 355—-373

dynamic conditions;K, is very small above the
bottom-mixed layer and can thus be neglected in the

tude is reasonable, but estimating the rate of this model.

decrease is very difficult. Thus, two different initial
vertical distributions of the particulate matter con-

centration are considered, that provide two expres-

sions ofe(2):

1. An exponential PM concentration decreases,
regarding the altitude (Fig. 5b, IC1):

&2 = Aexp(—é)

(12
. (=h €z=0)
with JZ:O C(2) dz= Mg andeg_1q = 10
which leads to:
M
&2 = —2In(10) exp(— iln(lO)) 13
Zp Z0

wherez;p =10 m

2. A constant PM concentration regarding the altitude
z from 0 to 20 m above the seabed (Fig. 5c, I1C2).
Thus,e(2) can be simply written as follows:

€2 =My/20for0<z=20m and

g2 =0forz>20m

This initial null vertical decreases efz) along the
first 20 m above the bottom is non-realistic in
nature, but gives a limit case indication of the
initial PM concentration effects on the puff shape
behaviour.

For both these two initial conditions IC1 and IC2,
the initial total PM mas$/, of the resuspended sedi-
ment is set to the same value.

4. Actual physical and model parameters values

The thickness of the well-mixed bottom layer is set
to h =100 m (Armi and Millard, 1976). Considering
the order of magnitude of the bottom geostrophic
current in the Gulf of Lions, the current velocity,
at the top of the considered layer is set at firdtJto=
0.2m s *. The values of 0.1-0.8 m S are also used.
The velocity profile and the related profile Kf are
shown in Fig. 4. TheK, profile is close to the one
obtained by Sauvaget (1982) for equivalent hydro-

The friction velocity u” is determined following
Soulsby (1983), taking into accountat 1 m above
the bottom and a drag coefficie@tl, depending on the
nature of the sediment. The relations betweémand
the seabed properties, can be written as follows:
u?=Cdu  at1m above bottom (14)
whereCd, is the drag coefficient value at the altitude
z=1m With U,=02ms ! and using theCd,
values reported by Soulsby (1983) for a soft mud
sediment (the most probable one), the actual value
of K, and K, are, respectively, 1fs " and
0.05nfs % For a mud/sand sedimerk, is set to
3m?s !, which is considered here as a maximum
value. To take into account the large uncertainties of
the actual main hydrodynamic parameters values, the
lowest value oK, is setto 0.1 ms *. Thus, the model
runs with three values df,: 0.1, 1 and 3 s *.

The computation domain is 2 km forand 100 m
for z. A rectangular mestL000x 51) is adopted. The
coordinates of the injection point axg = 551 m and
Yo = 0. The grid size is 2 m along theaxis. On the
vertical axis, there are non-uniform meshes with finer
size (0.5 m) near the seabed. The time stefs 0.5 s
for the K, values of 0.1 and 1 s * and 0.2 s for
Ky=3nmfs .

The settling velocityws is calculated by using the
Thorn formulae (&3.4), while the PM concentrati@n
is large enough. When, due to the cloud dilution,
decreases and reaches the specifigg, value, Wsmin
is used; this specifiedsy, value is difficult to deter-
mine. From the RACACA and PHYCEMED cruises,
the wgni, Values obtained by applying the Stokes law
on a PSD mean size of 12—20n and a PM true
density close to % 10° kg m 3, ends to 10*ms™%.
Nevertheless, the Coulter Counter probably underes-
timates the PSD mean size because the largest probe
(280 .m) cannot see most of the largest flocs and the
particle true density is difficult to evaluate (McCave,
1976; Brun-Cottan, 1986). With a natural environ-
ment similar to the ones studied hekg, is esti-
mated to be & 10 *m s * (Churchill et al., 1994).
From various sea and laboratory experiments (Gibbs,
1985; Mehta, 1989; Fennessy et al., 1994; Syvitsky
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et al., 1995; Hill et al., 1998; Manning and Dyer, tiontime (500 s), the influence of the initial conditions
1999; Stenberg et al., 1999), the PM mean settling 1C2, compared with those of the IC1, can be neglected
velocity value disperses between £0 and on the PM cloud size, but not on the vertical PM
10 °*ms . Moreover, these determinations were profiles (Figs. 8 and 9). The intensity of the horizontal
done with steady-state or quasi-steady-state condi- mixing influences the size of the resuspended cloud,
tions, or the proposed model describes the behaviour mainly during the first 1000 s after the injection time.

of one puff, of which the proportion of large particles
is supposed to decrease with time.

Finally, three specifiedvy,, values are used: 16,
5x 10 % and 10°m s . The model results are fully
discussed and illustrated fovg,, = 5% 10 *ms L.
For the 10* and 10°ms ! values, considered as

After 5000 s, the size and the shape of the PM cloud are
almost the same for thi§, values of 1 and 3 fis ™.
The cloud shape corresponding kg = 0.1 m?s %,
shows the effect of a very small mixing rate.

The cloud expansion implies an increase of the PM

concentration around the injection area. Thus, the

boundaries esteems, only synthesised results are shownvolume in the seawater, contained inside a closed

For the initial conditions IC1 (exponential profile),
the total masdV,, injected into the water column is
determined by setting the maximum initial PM to
Comax = 3 g I”* and the scale of the area of resuspen-
sion to 10 nf (202 of My). This givesM, = 400 kg
FromM, determined for the IC1 conditions, tymax
value for the initial conditions IC2 is 0.64 g1.

The background PM concentration is not taken into
account, so the reported PM valu@salculated by the

surface area defined by a given PM concentration
value, expands at first. However, after some time,
depending on the previous value, this volume
contracts. For instance, the isolineb, which repre-
sents the intersection of the surfae® and they =0
vertical plane, expands continuously (Figs. 6 and 7).
At 5000 s, it reaches a horizontal size of 800 m long
near the seabed and 500 m at the altitude of 40 m.
After t ~ 6000 s the isoline-5 retracts to the seabed

model are the excess PM concentration, regarding theand disappears at~ 10*s. However, during this

background value. The model operates from 0 tbs10

5. Results and discussion

The numerical integration of the PM mass in the
computation domain, plus the mass lost by sedimen-
tation through the bottom boundary, is very close to
Mo up tot = 4x 10* s. That means that the PM mass
conservation is maintained.

The minimum reasonable PM concentration to
be detected in the seawater, with the actual
techniques in use is considered 3@! % This PM
value represents, in this model, the minimum
detectable excess PM concentration originating
from the resuspended cloud. The log of this
relative value, considerin@omax= 39 17%, is then:
log[(30x 10 ¢ g1 Y3 gl H] = —5.

5.1. Main conditions

For U, =02ms ! and Wy, =5%x10 *“ms?,
the longitudinal sections ir, z (Figs. 6 and 7) repre-
sent the spatial distribution of the excess PM concen-
tration, 500 and 5000 s after the injection time. These
sections are drawn for= 0. Quickly after the injec-

lapse of time, the isolines-2 and —3 (the highest
PM concentration) are clearly perceivable at 500 s
but almost completely disappear after 5000 s.

That means that the initial PM cloud is no longer
detectable, with the actual model parameters
values, after a very few hours following the injection
time

PM concentration profiles at 500 and 5000 s, at a
given distance from the injection origin, are shown
in Figs. 8 and 9; these profiles are expressed in
the non-dimensional formC(x,y = 0,z t)/Cymay-
Some of these profiles exhibit a maximum PM
concentration above the seabed (bump). Depending
on K, andx, both Rouse and bump profiles appear.
The lower theK, value is, the more amplified these
bumps are. For a given time after the injection,
the presence of the bump is very sensitive to
the distancex (from the injection origin) of the
profile.

5.2. Bound conditions

The model sensitivity is tested for sordg andwin
parameter values. There, the only initial condition
considered is IC1.
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Fig. 6. Longitudinal sections showing the excess PM concentration isolingSdpComax) 500 s after the injection timg/ = 0). The left and
right columns show the shape of the PM cloud for the initial conditions IC1 and IC2.
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The model sensitivity forU, is analysed with To show the behaviour of the total puff (in its
Wemin = 5% 10"*m s %, K, and K, are recalculated  entirety), depending okJ;, the altitude and the PM
complying withUy. The results are shown in Fig. 10 concentration of the gravity cent&of the PM cloud
for the 0.1-0.8 ms' U, values. As it could be are introduced, regarding the time after the PM injec-
expected, the size of the PM cloud expands highly tion. The influence obJ,, on the vertical location o6
whenU, increases. is shown in Fig. 11b. The altitude @& continuously
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Fig. 9. Excess PM concentration profiles regarding two distaxfresn the injection pointy = 0) 5000 s after the injection time, with the three
considered values df,. The left and right columns are related to the initial conditions IC1 and IC2.

increases and strongly depends onlthesalue. This settling velocity wgyin is analysed for the two
altitude does not in fact, exceed 60 m for the highest specified values, I¥ and 10°m s, compared
value ofU, = 1 ms . TheU, value does not affect  with the central one of X10 *ms . This att =
the decrease of the PM concentrationGaas much ~ 5000s with U,=02ms?! and K, =1nPs %
(Fig. 11b). The longitudinal sections irx, z (Fig. 12) show
The model sensitivity to the minimum PM that wsm, has a very minor influence on the
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Fig. 10. Longitudinal sections showing the excess PM concentration isolingdg'@omax) 5000 s after the injection timg = 0), regarding
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size of the PM cloud, mainly affected by the
turbulent mixing. The influence oWy, is more
perceptible on the PM concentration profiles (Fig.

fluctuating lateral transport could plausibly apply.
Considering the model parameters that means that
the casts were done during the first half an hour

13), but the changes on the profile’s shape are not after the injection time for the PHYCEMED example

meaningful.

The fraction ofMy lost by sedimentation on the
seabed, regarding time, rely om,i, and is quasi-
unconstrained b¥, (Fig. 14).

5.3. Relation between the model and the observed
results

When bump profiles are obtained by the model,
their shape is similar to the one observed for the PM
mass, or size signal, obtained during the RACACA,
PHYCEMED and CYBELE cruises. The bump
profiles show a maximum of the PM concentration
or mean size values at an altitude of around 10 m
for the PHYCEMED data and 20 m for the RACACA

and within the first 2 h for the RACACA ones. No
more comparisons can be made concerning the
PM concentration because the total lack of data
concerning the initial maskly and the initial condi-
tions of resuspended sediment in nature.

After some thousands of seconds after the injection
time, the size of the area where bump profiles could
appear is small, considering the size of the simulation
domain. Thus, the probability of finding a bump
profile in the considered domain, using the model or
the measurements, is small.

From these results, we can suggest that the particu-
late material above the seabed may originate from
a continuous addition of resuspended sediment
impulses. These sediment impulses and their asso-

ones; the CYBELE cruise results are not considered in ciated clouds could appear each time the instanta-
this part of the discussion because they are obtainedneous bottom shear stresg induced by the water
on the shelf break, at some shallower depths, where friction, exceeds locally and for a short duration the
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isolines 10gC/Comay 5000 s after the injection timgy = 0),
related to the IC1 conditions, with, = 1 nm?s™* and for three
values ofwgnin

critical erosion shear stressg, of the sediment. This

means that the resuspension process can occur with a*

mean{ry, value {7, < 7, maximum) less tham
{7y < 7ce), but temporarily with an instantaneous
Tp > Tce Status induced by the mean current velocity,
less thanr.. These impulses can happen following a
random procedure, in space and time; from the model,
they are identifiable, regarding the background PM
concentration, only during a few hours.

Many processes can exist which induce an increase
in the mear{r,) value, locally and temporarily. These
could be surface waves in shallow waters or, more
generally, internal waves in deeper waters; energy
transfer from strong wind could be also a good
possible origin. The wind was calm to moderate
(force 2-5) during the RACACA cruise. During the
PHYCEMED cruise, the wind was calm except
through a 3-day period (force 8-9), 2 days before
the cast Gy-LB showing the bump profile (Fig. 1).
The profile (Fig. 2) shown during the CYBELE cruise
was obtained throughout a force 10 storm following a
force 11 (no data were collected during the force 11).
Thus, wind energy could be invoked for the bump
profiles obtained during the PHYCEMED and
CYBELE cruises, but not for the RACACA one.

Coupled measurements of PM concentration and
current velocity where obtained during the HEBBLE
programme (Hollister et al., 1984), in an area centred
730 km East of Boston. The results obtained with a
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Wsmin

tripod moored at 4800 m depth, show rapid fluctua-
tions of the PM concentration few metres above the
seabed, by sometimes a factor of 100 regarding the
background level. These fluctuations are strongly tied
with bottom current velocity maxima and coincide
with severe storms periods. The size of the spatially
confined sediment resuspension area must be incom-
parably less than the storm one. Even if a storm
concerns a broad area, the energy transmitted down
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to the deep is dispersed by eddies having size far less{r,) (7, > (7)) can occur when, simultaneously, the
than the storm area one, sizes scattered along thebottom shear stress has only its mean value at the
Kolmogorov scale (including bursts). deployment location.

The trawling from fishing boats is also mentioned
under certain circumstances (Churchill et al.,
1994). A convincing argument comes from the . Conclusions
data obtained during the SEEP-II experiment,
showing the beam attenuation 3mab and the A simplified 3-D model is proposed to simulate
bottom shear stress as a function of time (Church- the spatial distribution of the particles originating
ill et al., 1994). These data show that time varia- from an injected puff of cohesive sediment in a
bility and beam attenuation are not correlated with sheared flow with turbulent diffusion, as could be
the calculated bottom shear stress. This matchesthe case in the Bottom Boundary Layer. The time
the transportation of sediment impulses originating when the clouds resulting from that kind of puff
from areas where an intense positive variation of becomes detectable, following the model concept
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and with the considered initial is
merely a few hours.

Numerical casts done in the simulated cloud issued
from this sediment injection show exponential profiles
and bump profiles. The bump profiles appear only at
some given distances from the injection point. They
have a shape similar to the ones found during scien-
tific cruises in the North Mediterranean and in the
New York bight.

The development of the bump profiles is strongly
affected by the intensity of the horizontal convection
and the vertical diffusion.

The mechanisms involved explaining these results
signify that the mean bottom shear stress value
necessary to trigger the erosion process can be far
less than the critical sediment erosion shear stress.
This suggests that the sediment resuspension flux
could be, in many circumstances, more important
than the one shown by the standard estimated
method.

The principle of erosion and transportation of
sediment originating from many dispersed impulses
match the time variability of the particulate matter
concentration often encountered above the seabed.
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Appendix A
A.1. Numerical method

A rectangular mesh is used for they dimensions.

A cell centred position is adopted for the unknown
variables.

A semi-implicit Cranck Nicholson scheme is used
to calculate the vertical motion, while an explicit
scheme is employed to calculate the horizontal advec-
tion. For each time step, a three-diagonal system is
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The discrete form of Eq. (2) is then:

o' —d Y
% + A—]X[(gin,j - gin—l,j)
+ 310 — 91 — Svitaa@ty — o))

1
T 27 [(WS,j+JJ29i,j+1 — WS j-120i )

G2~ Guy)
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50z + Az, A420
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1
= Izj[(WS,Huzgi,jH — WS 120 )

(G,j+1 — Gij)

ko (9,j — 9ij-1)
05(Az + Az,p 312

5(Az_; + A2) ] ’
(A1)

+KZ 112

The discrete form of the vertical motion is classical
(central differences in space), but the second term of
Eq. (Al), which represents the horizontal motion,
needs some explanations. To reduce the numerical
diffusion of a single first-order upwind scheme and
to avoid the numerical oscillations of a high-resolu-
tion scheme, the second-order TVD semi-discretized
scheme is used (Hirsch, 1992). For this last scheme,
a non-linear limiting function ¥ restricts the
variability of the horizontalg-gradient values. The
limiter ¥* is an operator that allows us to move
continuously from a second-order upwind scheme to
a first-order upwind scheme when discontinuities
appear.

The limiter ¥ is defined as follows:

G415 — Gij

- G, —%i-1j
(A2)

Vil = Wity withrig,

The limiter minmod is used in this application and is
written as:

W(r) = minmodr, 1)
= Sign(r) maxo, min(

rl, Sign(r))]

obtained and the Von Neuman procedure guarantees

the stability of the horizontal scheme with the space
and time parameters used.

The values of this function range from 0 wheris
negative to 1 wheir = 1).
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