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Abstract. The potential role of sediment in oceanic slope convection is examined by 
means of a rotational numerical model applied in a vertical ocean slice. The model 
couples the hydrodynamics with transport, settling, deposition, and resuspension 
of fine-grained silty muds. Sediment plumes (turbidity currents), descending on an 
idealized continental slope with constant bottom slope, are driven from an initial 
density anomaly caused by an assumed suspension of sediment in shelf water. 
A number of case studies were conducted in order to understand the effects of 

(1) different suspended sediment concentrations in shelf water as compared to 
an equivalent salinity anomaly (salt brine release), (2) different oceanic density 
stratifications, and (3) resuspension of bed sediment. It is demonstrated that 
sediment plumes may account for a downslope transport of water, which, once void 
of its sediment load, becomes lighter than water above. Then, sedimentation along 
the slope, with a maximum adjacent to the foot of the slope, drives vigorous upward 
convection (parameterized in the model), stirring slope water over a depth range of 
several hundred meters. This is in agreement with field observations from a tropical 
ocean. Detrainment associated with sediment settling constitutes an important 
mechanism inherent in sediment plumes. It not only induces upward convection 
but also prevents the rapid increase in plume thickness caused by entrainment as 
compared to "water mass plumes." Owing to a balance between entrainment and 
detrainment, the sediment plume, while descending on the slope, attains constant 
height and bed shear velocities. In order to facilitate the detection of sediment 
plumes in (historical or future) field data, we describe their simulated traces in 
terms of water mass properties and flow anomalies. 

1. Introduction 

Slope convection driven by a density excess from sus- 
pended sediment occurs in the ocean and lakes. It con- 
stitutes an important mechanism for the transport of 
littoral sediment to deeper water [Parker et al., 1986]. 
Such downslope flows (henceforth also referred to as 
sediment plumes) are formed by slumping and by cy- 
clones and large storms that stir up silt and clay in 
shallow water [Kerr, 1991]. The continental shelf is typ- 
ically dissected by numerous canyons. These submarine 
canyons are important conduits for dense bottom wa- 
ter flows [e.g., Chapman and Gawarkiewicz, 1995; Na- 
rimousa, 1997; Baines and Condie, 1998]. Sediment 
plumes differ from conservative water mass plumes in 
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that they are able to exchange sediment with the bed 
over which they flow; that is, they may deposit their 
sediment on the bed or erode sediment from the bed 

and, in doing so, may affect their own dynamics [Parker 
et al., 1987; Allen, 1994]. Because of their limited spa- 
tial and temporal occurrence, sediment plumes are dif- 
ficult to observe. Often, only their traces have been 
observed, called the "smoking gun signal" by Baines 
and Condie [1998]. On the basis of the few available 
field observations indicating the occurrence of sediment 
plumes [Heezen and Ewing, 1952; Menhard, 1964; In- 
man et al., 1976; Quadfasel et al., 1990; Garfield et al., 
1994], an extensive number of laboratory experiments 
have been conducted [Parker et al., 1987; Carey et al., 
1988; Laval et al., 1988; Kerr, 1991; Sparks et al., 1993; 
Garcia and Parker• 1993; Bonnecaze et al., 1993, 1995]. 
The laboratory studies provide useful parameterizations 
for use in numerical models. A comprehensive review of 
these studies, however, would be far beyond the scope 
of this paper. 
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In tropical waters, which are covered by a perennial 
thermocline, renewal of deep waters has been attributed 
to the injection of sediment plumes originating from the 
adjacent shelf[Quadfasel et al., 1990]. The occurrence 
of such downslope flows has been inferred from high 
riverine sediment charges (i.e., there is enough sediment 
available on the shallow shelf to initiate slope convec- 
tion) and from the following smoking gun signals: (1) 
formation of accumulation areas of sediment adjacent 
to the foot of the slope; that is, from geological records 
there is evidence for substantial short-term downslope 
sediment fluxes; and (2) ventilation of slope water down 
to the foot of the slope (at depths of 5000 m) over a ver- 
tical scale of > 2000 m caused by sedimentation-driven 
upward convection, as confirmed by laboratory experi- 
ments [Kerr, 1991]. 

In terms of upper ocean stratification, the Arctic 
Ocean is quite similar to tropical water, as a perma- 
nent halocline prevents open-ocean convection. In the 
Arctic Ocean, renewal of subhalocline water is essen- 
tially driven by downslope flow of dense shelf water 
masses [e.g., Blindhelm, 1989; $chauer, 1995; Jones et 
al., 1995], which are created during winter by both cool- 
ing and salt brine release during new ice formation in 
coastal polynyas [e.g., Killworth, 1983; Aagaard et al., 
1985; Backhaus et al., 1997]. The role of slope convec- 
tion as cascading water mass plumes is well accepted 
and explains properties of intermediate and deep water 
[e.g., Rudels and Quadfasel, 1991]. The role of sediment 
in triggering Arctic slope convection, however, has not 
yet been considered in much detail, although substan- 
tial amounts of recent sediment are available on Arctic 

shelves [see Fohrmann et al., 1998]. 
Chao [1998] investigated the outflow of sediment- 

laden riverine bottom outflows into a shallow shelf sea, 
only 15 to 30 m in water depth. As these numerical 
studies examined the exchange between rivers and shelf 
seas, here the exchange between shelf seas and deep 
basins is studied. Both exchange processes are similar 
in that they are dominated by suspended sediment. Re- 
cently, the effect of sediment plumes at high latitudes 
has been investigated by means of a reduced-gravity 
plume model [Fohrmann et al., 1998]. Those studies, 
which are in agreement with field observations, gave 
first evidence that sediment plumes contribute to a deep 
water ventilation in polar regions. In that model, how- 
ever, the ambient ocean was dynamically inactive and 
effects of stratified plumes and processes within the bot- 
tom boundary layer could not be described. 

Here, in order to investigate the interaction between 
sediment plumes and their environment, a rotational 
numerical model is applied in a vertical ocean slice. The 
hydrodynamic model is coupled with a sediment model. 
How sediment should be incorporated into a hydro dy- 
namic model continues to be a source of controversy 
[e.g., Glenn and Grant, 1987]. Furthermore, how the 
contribution of sediment affects turbulence is an issue 

yet to be resolved [Chao, 1998]. In view of the obvious 

complexity inherent in the sediment-water mixture, as 
a modest start, we consider here a set of parameter- 
izations as simple as possible. To be consistent with 
previous models, we follow largely the formulations of 
Fohrmann et al. [1998] and Chao [1998]. 

The intention of this study is to provide information 
on the traces of sediment plumes to facilitate their de- 
tection in (historical and future) field data. To that 
end, a number of case studies were conducted to be dis- 
cussed below. The paper is composed as follows. The 
model is described in section 2. Results of case stud- 

ies are presented in section 3. A final discussion and 
conclusions are given in section 4. 

2. Model 

2.1. Governing Equations and Model Domain 

The finite difference, primitive equation model is 
based on Boussinesq-approximated conservation equa- 
tions for momentum, salt, mass, and sediment concen- 
tration for an incompressible fluid. Vertical coordinates 
are represented by z coordinates. Bottom topography 
has therefore a step-like structure. The model domain 
is a vertical ocean slice assuming vanishing gradients of 
all variables normal to this plane. A rigid-lid sea sur- 
face is assumed to eliminate fast-moving surface grav- 
ity waves. Downslope flows under the influence of the 
Earth's rotation, predicted in our experiments, attain 
a vertical extension of few decameters. For such thin 

flows the influence of friction becomes dominant and 

prevents the formation of baroclinic eddies [Baines and 
Condie, 1998]. Therefore, assuming that topographic 
features such as submarine canyons are absent on the 
continental slope, two-dimensional simulations appear 
reasonable to describe the dynamics of sediment-driven 
downslope flows. Rotational effects are included. The 
Coriolis parameter is set to f - 1.44 x 10 -4 s -1 which 
corresponds to a geographical latitude of 80øN (Arctic 
shelves). The transverse transport induced by friction- 
driven downslope flows is inversely proportional to the 
Coriolis parmneter [Baines and Condie, 1998]. This re- 
lation is confirmed by comparison studies (not shown) 
using a geographic latitude of 20øN (tropical water). 
Results of the comparison studies, however, do not dif- 
fer significantly from those for high latitudes; that is, 
integral sediment transport and sedimentation patterns 
are largely the same. A discussion on the effect of the 
Earth's rotation on sediment-driven downslope flows is 
therefore not given. 

For simplicity, temperature is set constant through- 
out the water column so that density varies only with 
salinity and suspended sediment concentration. The 
studies of Fohrmann et al. [1998] suggest that fine- 
grained silty muds (grain diameter •20/•m) play a par- 
ticular role in triggering slope convection. For this rea- 
son, only this particle fraction is considered here. The 
particles are assumed to be noncohesive and uniformly 
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Figure 1. Model domain. The model is driven by an 
inflow developing at the shelf break. Only results off 
the shelf break are shown. 

distributed within each numerical grid volume. Only 
suspensions with sediment concentrations in a range be- 
tween 0.1 and i kg m -a are considered. Such suspen- 
sions behave almost as a Newtonian fluid resembling 
turbulent pure water flows more than viscous or plastic 
flows [Stow, 1994]. 

Figure i shows the configuration of the idealized 
model domain. It includes a 100 m shallow shelf, a con- 
tinental slope with a constant bottom slope of 0.02 (in- 
clination angle •1.3ø), and an abyssal plain. The total 
water depth in the deep ocean is set to 1000 m. This ap- 
peared sufficiently deep for tracing the main features of 
sediment-induced slope convection. The bottom topo- 
graphy has two transition regions: the shelf break and 
the foot of the slope. Only results off the shelf break 
are shown. Initially, the model domain is filled with 
motionless seawater void of sediment. The initial den- 

sity stratification in the ocean varies only with depth. 
Subsequent water motion and variations in salinity and 
suspended sediment concentration are entirely driven 
by an inflow developing at the shelf break. 

A Cartesian coordinate system is used where the x 
axis points toward the east, the y axis toward the north, 
and the z axis vertically upward. The governing con- 
servation equations for momentum and mass are given 
by 

Ou 10P 

0--•-F •4(u)- fv - 1- 7)(u). (1) po Ox 
Ov 

+ (v)+ - v (v). (2) 
Ow p_• 10P 
0--•- -F .A (w) + pog = Po Oz F 7)(w). (3) 

Ou Ow 

0--• + Oz = 0. (4) 
Velocities are (u, v, w) in (x, y, z) directions; P is pres- 
sure; p• - p-p• is the density anomaly, where p denotes 
the true density and p• is the initial background den- 
sity; po is a constant reference density; g is gravity; and 
f is the Coriolis parameter. Advection of any property 
(velocity components, salt, or suspended sediment) is 
given by 

- + (5) 

Horizontal eddy viscosity An is fixed at 5 m 2 s -1. Ver- 
tical eddy viscosity Av is determined from a diagnostic 
relation (see below). Under these assumptions, turbu- 
lent diffusion of any property is formulated according 
to 

(6) 
The above momentum equations may describe nonhy- 
drostatic dynamics. With relatively large horizontal 
grid sizes as in our studies, however, nonhydrostatic ef- 
fects are filtered out [see Brugge et al., 1991]. Thus, in 
the present studies, the model describes currents that 
are largely in hydrostatic balance. We assume that eddy 
diffusivity for salt and sediment concentration are of the 
same magnitude, equal to eddy viscosity. Under this as- 
sumption the conservation equations for salinity $ and 
suspended sediment concentration C are given by 

OC 

Ot 

os 
+ .4 (s) - v (s). (7) 

ot 
oc 

+ .4(C)- - V(C). (S) 
Advection and turbulent diffusion are formulated ac- 

cording to (5) and (6), respectively. A typical settling 
velocity w s of fine-grained silty muds of 2 mm s -1 is 
used [Fohrmann et al., 1998]. 

Vertical eddy viscosity is determined from a diagnos- 
tic turbulence closure scheme proposed by Kochergin 
[1987]; that is, 

A,=l•'t: •. (9) 

The length scale I is determined from the relation I - 
c•Az = coL, where Az is the vertical grid size, Co • 0.05 
[Kochergin, 1987], and L is a characteristic length scale 
inherent in near-bottom turbulence. For simplicity we 
assume L = 30 m, yielding I = 0.15 for Az = 10 m. 
The turbulent timescale t. is approximated by 

t: -- •zz + •zz (1 
where N is the Brunt-V•iis/il•i frequency. 

Density of clear seawater (without the contribution 
of sediment) is determined from a linearized equation 
of state according to [e.g., Turner, 1973] 

pw -- po[l + fi ($-- $o)] (11) 

where fi is the coefficient of saline contraction and So is 
a reference salinity. We use po = 1028 kg m -a, fi = 8 
x 10 -4 psu-•, and So = 34.7 psu. The contribution of 
suspended sediment to density is expressed by a volu- 
metric relation [Adams, 1981; Allen, 1994; Chao, 1998], 
yielding the bulk density of the sediment-water mixture 
according to 

(12) 
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where ps - 2651 kg m -3 is the sediment density, ap- 
proximated by the density of quartz [Fohrmann et al., 
1998]. 

2.2. Vertical Boundary Conditions 

At the rigid-lid sea surface, fluxes of salt and vertical 
velocities are assumed to vanish. Full-slip conditions 
for horizontal velocities are used. Furthermore, no sed- 
iment flux is allowed there; that is, 

OC 

wsC + Av•z z - O. (13) 
At both vertical boundaries a hystrostatic balance for 
vertical pressure gradients is applied; that is, OP/Oz = 
-p•g [e.g., Brugge et al., 1991]. At the seafloor, salt 
fluxes and vertical velocities are set to zero. Bottom 

friction is formulated by means of 

Av 0 (u, v_••) = (w•, Wy) (14) 
Oz po 

where the components of bottom shear stress T are 
given by 

T = (%, ry) = po cD (u, v) V/(u •' q- v•'). (15) 

In general, the drag coefficient CD can be expected to 
depend on seabed properties; herein it is approximated 
as constant, given by 3 x 10 -a as in the studies of Jung- 
claus and Backhaus [1994] and Fohrmann et al. [1998]. 
The sediment flax at the seafloor is specified by 

oc 

w• C + Av•z- z - D - E (16) 

where D and E are rates of deposition and erosion, 
respectively. Whether sediment will be eroded or de- 
posited depends on the ratio between critical bottom 
shear stress rc and the magnitude of bottom shear stress 

which, according to (15), is given by 

n = ITI = po (u 2 + v2). 

Deposition occurs if the bottom shear stress is less than 
the critical shear stress. The rate of deposition is de- 
termined from [Fohrmann et al., 1998] 

D = w• [1 - min (n/%, 1)] C. 

Erosion occurs if the bottom shear stress rb exceeds the 
critical value %. The rate of erosion is calculated by 
[ Chao, 1998] 

E = Eo [max (r•/%, 1) - 1] (19) 

where Eo is an empirical constant that is set to 8 x 10 -5 
kg m -2 s -• [Chao, 1998]. The bottom erosion rate E is 
zero if the bottom shear stress r• is below a critical value 
% but is otherwise proportional to the excess bottom 
shear stress above %. Since erosion can only occur when 
bed sediment is available, the rate of erosion is limited 
by h• p•/At, where h• is the thickness of the sediment 
layer on the seabed and At is the numerical time step. 

The critical bottom shear stress % depends on seabed 
properties (e.g., roughness) and sediment type. Here it 
is chosen at 0.05 Pa, which is close to values used by 
Fohrmann et al. [1998] and Chao [1998]. With (17)it 
follows that this value corresponds to bottom currents 
with velocities of about 0.13 m s -x. 

2.3. Lateral Boundary Conditions and Forcing 

At closed lateral boundaries, u and w are set to zero 
and full-slip conditions for v are used. No horizontal 
fluxes of salt and sediment concentration are allowed 

there. Horizontal pressure gradients are assumed in bal- 
ance with Coriolis forces; that is, OP/Ox = pofv. The 
model is driven by prescribing the sediment concentra- 

Table 1. List of Experiments 

Experiment Shelf Water Properties 
and Bottom Slope 

Initial Conditions 

1 

2a-2d 

3 

4 

5 

6 

7 

8 

9a-9d 

C=0.5; AS=O; z/=0.02 
C=0.3,0.4,0.6,0.7; AS=O; z/=0.02 

C=0; A$=0.36; z/=0.02 
C=0.5; A$=0.36; z/=0.02 

same as experiment 1 
same as experiment 3 
same as experiment 1 
C=0.8; AS=O; q=O.02 

C=0.5; AS=O; 
z/= 0.01,0.015,0.025,0.03 

homogeneous ocean; no bed sediment 
homogeneous ocean; no bed sediment 
homogeneous ocean; no bed sediment 
homogeneous ocean; no bed sediment 

homogeneous ocean; bed sediment available 
homogeneous ocean; bed sediment available 

stratified ocean (Figure 2a); no bed sediment 
stratified ocean (Figure 2b); no bed sediment 

homogeneous ocean; no bed sediment 

C is suspended sediment concentration in shelf water (kg m-a); AS is salinity anomaly in shelf water (psu); 
and z/is constant bottom slope of the continental slope (see Figure 1). 
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tion in shelf water. There, sediment is only distributed 
throughout the lower 50 m of the shelf water column. 
This forcing is applied over a 5 km wide region adjacent 
to the shelf break to avoid dynamics at the shelf break 
being influenced by boundary conditions. To mimic the 
short-lived character of sediment plumes (for instance, 
related to a transient storm), shelf sediment is available 
only over a period of 2.5 days. To avoid initial distur- 
bances, the concentration of sediment in shelf water is 
adjusted from zero to its final value over a period of 12 
hours. With vanishing forcing, shelf water is allowed 
to develop freely. The offshore boundary in the deep 
ocean is closed. It is chosen so far away that it does not 
significantly influence the evolution of sediment plumes 
during the time of interest here. 

2.4. Convection Parameterization 

simulation time of all experiments is 10 days. After 
10 days, almost all sediment that entered the model 
domain during the initial period of forcing has been 
deposited at the seafloor, no longer influencing the dy- 
namics. Subsequent changes in motions and variations 
in salinity are relatively small, thus yielding a quasi- 
stationary final state. The solutions of the governing 
momentum equations are approximated numerically by 
means of a successive overrelaxation scheme applied to 
a Poisson equation for pressure. More details on the 
numerical techniques for the fiat bottom case are given 
by Kiimpf and Backhaus [1998]. These techniques are 
applied in the same way for the case of a sloping bot- 
tom, taking into account the aforementioned lateral and 
vertical boundary conditions for pressure and momen- 
tum at sidewall and base of the stair steps in bottom 
topography. 

Unstable vertical density gradients may develop as 
sediment particles settle. This drives sedimentation- 
driven convection as demonstrated by the laboratory 
experiments of Kerr [1991]. A mixing type of convec- 
tive adjustment scheme [e.g., Klinger et al., 1996] is 
used throughout the water column whenever the den- 
sity stratification is statically unstable, even though the 
model is nonhydrostatic. The reason is that, based 
on our high-resolution studies (not shown), convection 
occurs on rather small spatial scales, not resolved by 
the horizontal grid size of 500 m used for this work. 
When convective adjustment is switched off, sedimen- 
tation causes convection cells, but these cells develop 
on unrealistically large spatial scales (> 5 km). Thus 
convective adjustment is used to implement a vertical 
exchange process, small-scale convection, not resolved 
by our grid. Because the fraction of sediment stirred 
upward by convection is relatively small [Kerr, 1991], 
convective adjus•meut, whm• u••,•y, l• ,•ppil•d •,,,I,• 
to salinity. For simplicity, we assume that convection 
influences the grid-resolved dynamics only indirectly by 
modification of the density field. 

2.5. Model Resolution and Numerical Tech- 

niques 

By using z coordinates, the bottom topography has 
a stair-step structure. To avoid disturbances due to a 
nonuniform representation of bottom topography, the 
ratio of vertical and horizontal grid sizes (Az/Ax) is 
chosen equal to the constant bottom slope •] of the con- 
tinental slope. As will be shown with the results, this 
setting yields relatively smooth flows. With V = 0.02, 
Ax and Az are taken to be 500 and 10 m, respectively. 
Note that comparison studies employing a higher reso- 
lution (Ax = 250 m; Az = 5 m) yielded approximately 
the same results (see also Figure 17). This indicates 
that the above grid resolution is sufficiently high to de- 
scribe the main dynamics of downslope flows in our 
experiments. The numerical time step is 300 s. The 

3. Case Studies 

3.1. Setup of Experiments 

Table 1 lists selected experiments to be discussed be- 
low. The first six experiments employ an initially homo- 
geneous ocean to study the basic features of sediment- 
induced slope convection. The following two experi- 
ments employ an initially stratified ocean to examine 
the dynamics of downslope flows in a stably stratified 
environment. Bed sediment is available on the slope 
only in experiments 5 and 6. 

Experiment 1 is a basic case study. A concentra- 
tion of 0.5 kg m -3 of sediment is prescribed in shelf 
water. This corresponds to a 1 cm thick layer of bed 
sediment stirred throughout the lower 50 m of the wa- 
ter column. The corresponding initial density anomaly 

case studies where the sediment concentration in shelf 

E 

(b) 
0 0.2 0.4 0.6 0.8 0 0.1 0.2 

Sl psu - 34.7 Sl psu - 34.7 

Figure 2. Initial salinity stratifications reduced by 34.7 
psu for (a) experiment 7 and (b) experiment 8. 
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water is varied. In experiment 3 a salinity anomaly o 
of 0.36 psu in shelf water is prescribed, yielding the -20o 

same initial density anomaly as in experiment 1. For E 400 
instance, to form such salinity anomaly, 1.5 m of new 
ice has to be produced in a coastal polynya under typi- • -60o 
cal oceanic conditions. For an ocean heat loss of 500 W 

m -2 this would take a period of the order of 10 days. 
These estimates result from standard thermodynamic 
formulae [e.g., KSmpf and Backhaus, 1998]. Note that o 
if the settling velocity of sediment particles were zero, 

-200 

the sediment plume in experiment 1 would show the 
same features as the salinity plume in experiment 3. In • -400 
experiment 4 a combination of salinity and sediment •-600 
forcing is prescribed. The corresponding initial density -80o 
anomaly in shelf water is 0.6 kg m -3. In experiments 
5 and 6 an initial layer of bed sediment on the slope 
is considered. The distribution of bed sediment is pre- 

o 

dicted from experiment 1. Both experiments differ only 
in type of forcing; that is, experiment 5 assumes a sed- -200 
iment forcing, whereas an equivalent salinity anomaly • -400 
is prescribed in experiment 6. Initially, in experiment • -60o 
7, beneath a well-mixed surface layer the ocean has a 

-800 
very strong density stratification given by a constant 
Brunt-Viiis/il/i frequency of N = 2.5 x 10 -3 s -1 (Fig- -1000 
ure 2a). The initial bulk density in shelf water (includ- 
ing suspended sediment) corresponds to the density in 0 
the ambient ocean at a depth of 500 m. The density -200 
anomaly of shelf water is only half that of abyssal water. 
In this case study the effect of a very stably stratified 
ocean on the dynamics of sediment plumes, in particu- • -600 
lar, on their penetration depth, is investigated. Exper- -800 
iment 8 considers an initial density stratification that 
resembles typical conditions in both tropical and Arctic 
regions (Figure 2b). Weakly stratified deeper water is 0 
capped by a light surface mixed layer through a strong -20o 
pycnocline (i.e., a halocline in the Arctic Ocean and a 
thermocline in tropical water). The density step when • -400 
crossing this pycnocline is set to 0.15 kg m -3. Sub- • -•oo. 
pycnocline water is weakly stratified with a constant -s00. 
N = 4 x 10 -4 s -•. The sediment concentration in 

shelf water is taken to be 0.8 kg m -a, giving a den- 
sity anomaly of roughly 0.3 kg m -3 in shelf water with 
respect to water just beneath the pycnocline. In this 
case study the modification of the density field due to 
sedimentation-driven convection is examined. In an ad- 

ditional sequence of case studies (experiment 9) the ef- 
fect of different bottom slopes (varying from 0.01 to 
0.03) on slope convection is examined. This is realized 
by varying the horizontal grid size in a range from 333 
to 1000 m (see section 2.4). Except for these variations, 
the setup equals experiment 1. 

3.2. Results 

An initial sediment concentration of 0.5 kg m -3 in 
shelf water (experiment 1) initiates a sediment plume 
descending on the slope (Figures 3a-3e). Downslope 
and along-slope velocities are typically 12 and 20 cm 

-1000 
0 1 '0 2'0 70 

0 ' 20 30 ' 40 70 

0 10 2O 30 40 

(c) 

ß 

0 10 20 30 40 50 60 

0 1'0 20 30 40 50 60 
distance / km 

70 

70 

70 

Figure 3. Experiment 1. Density contours after (a) 3, 
(b) 4, (c) 5, (d) 6, and (e) 7 days reduced by 1028 kg 
m -3. Contour interval is 0.01 kg m -a. 

s -•, respectively. During the descent the plume height 
remains nearly constant at roughly 40 m. This is differ- 
ent from water mass plumes, which typically increase 
in height owing to entrainment of ambient water [e.g., 
Jungclaus and Backhaus, 1994]. The plume attains a 
finite length that is related to the duration of forcing. 
As it enters the abyssal plain, it slows down and finally 
disappears after 8 days. During the period of forcing 
(i.e., the initial 2.5 days), the plume, while descend- 
ing on the slope, attains constant bottom shear stress 
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Figure 4. Experiment 1. (a-c) Distributions of bottom 
shear stress during three different time periods. Hor- 
izontal dashed lines denote the critical bottom shear 

stress. (d) Distributions of bed sediment. Annotations 
are in days. Vertical dashed lines denote the locations 
of the foot of the slope. 

which exceeds, by far, the critical value rc (Figure 4a). 
With vanishing forcing the plume continues descending 
on the slope (Figure 4b). In the "tail" of the plume the 
bottom shear stress falls below the critical value. This 

induces sedimentation. Diffusion is evident in the tail 

of the plume, probably overestimated by numerical dif- 
fusion related to the upstream advection scheme used 
in the model. In the head of the plume, however, the 
bottom shear stress and, accordingly, the propagation 
speed of the plume, remains largely constant. As the 
plume enters the abyssal plain, it decelerates and the 
bottom shear stress decreases (Figure 4c). There, after 
7 days, the bottom shear stress falls below the critical 
value, so that remaining suspended sediment becomes 
deposited at the seafloor. At that time, sedimentation, 
following the tail of the plume, has already occurred 
along the entire slope. The final footprint of the plume 
is (1) a uniform thin layer of bed sediment distributed 
over the entire slope and (2) an accumulation area of 

sediment formed adjacent to the foot of the slope (Fig- 
ure 4d). 

The typical bottom shear stress in the plume depends 
linearly on the initial sediment concentration in shelf 
water (experiment 2; see Figure 5a). For values less 
than 0.17 kg m -3 .the bottom shear stress in bottom 
currents is too small to create a sediment plume, so 
that sedimentation occurs very close to the shelf'break 
(not shown). On the other hand, if a sediment plume 
occurs, our model predicts that the amount of sediment 
finally deposited close to the foot of the slope varies 
with the initial sediment concentration in shelf water, 
but sedimentation on the slope is independent of the 
forcing (Figure 5b). 

An initial salinity anomaly in shelf water (experiment 
3) results in a descending water mass plume (Figures 
6a-6c), which, during the period of forcing, has typical 
downslope and along-slope velocities of 5 and 25 cm s -z, 
respectively. With vanishing forcing, downslope veloci- 
ties diminish to 1 cm s-•. In contrast to the equivalent 
sediment plume (see experiment 1), downslope veloci- 
ties are much smaller and the plume does not detach 
from the shelf break. Furthermore, the height of the 
water mass plume is larger and its density deviation is 
smaller as compared to the sediment plume (Figure 7). 

If both salinity anomaly and suspended shelf sedi- 
ment contribute to the initial density anomaly in shelf 
water (experiment 4), slope convection is created, dis- 
tributing shelf water rapidly along the entire slope (Fig- 
ure 8a). The resulting modification of the density field 
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Figure 6. Experiment 3. Density contours after (a) 3, 
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interval is 0.01 kg m -3. 

induces a southward flow (out of plane) with speeds in 
excess of 10 cm s -• (Figure 8b). This geostrophic flow 
forms a band parallel to the slope. A strong northward 
jet (into plane)is evident close to the shelf break (Fig- 
ure 8c). It is the result of westward flows that developed 
close to the shelf break during the descent of the plume. 

If an initial layer of bed sediment is available on the 
slope (experiment 5), the sediment plume, originating 
from the shell accelerates as a result of resuspension of 
this sediment. Accordingly, the bottom shear stress is 
maximum in the head of the plume (Figure 9a). While 
descending on the slope, the plume entrains continu- 
ously bed sediment in its head (Figure 9b). With van- 
ishing forcing, sedimentation in the tail of the plume 
largely reestablishes the initial distribution of bed sed- 
iment on the slope (Figure 9c). The amount of bed 
sediment deposited close to the foot of the slope has fi- 
nally increased (Figure 9d). For a short while, however, 
bed sediment is also resuspended there (Figure 9c). 

If a water mass plume erodes bed sediment during 
its descent (experiment 6), a second plume is created, 
detaching from the upper water mass plume (Figures 
10a-10c). The second plume is entirely driven by re- 
suspension of bed sediment. It induces no significant 
downslope salt flux, thus, does not contribute to a venti- 
lation of deeper water. The development of the detach- 
ing sediment plume can also be seen in the evolution of 
bottom shear stress (Figures 11a and 11b), where the 
formation and separation of two distinct maxima are 

evident. The final distribution of bed sediment reveals 

that the sediment plume has caused erosion of bed sed- 
iment, which was initially available on the upper part 
of the slope (Figure 11c). As in experiment 5 the fi- 
nal amount of bed sediment on the remaining part of 
the slope, however, remains largely unchanged, and the 
amount of sediment finally deposited adjacent to the 
foot of the slope has increased. The water mass plume, 
however, stays at the upper part of the slope and has 
very Small downslope velocities as in experiment 3. 

In a very stably stratified ocean (experiment 7) the 
sediment plume (surprisingly) penetrates down to the 
abyssal plain (Figures 12a-12d), although the initial 
density anomaly in shelf water (including suspended 
sediment) was only half that of abyssal water. This 
deep penetration can also be seen in the evolution of 
bottom shear stress in the head of the plume (Figure 
13a). Such deep penetration, however, is only possible 
because density in the head of the plume increases dur- 
ing the descent (Figures 13b and 13c), so that the den- 
sity contrast between plume and ambient water remains 
largely constant. Sediment concentration and thickness 
of the plume remain nearly constant during the descent 
as in experiment 1, but the plume here exchanges salin- 
ity with its stably stratified surroundings. Owing to 
this salinity exchange, plume density increases during 
the descent, allowing for such deep penetration. This 
is different from water mass plumes where the density 
anomaly of plume water decreases continuously as a re- 
sult of entrainment of ambient water [e.g., Jungclaus 
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Figure 7'. Vertical density profiles 2.5 km off the shelf 
break in a sediment plume (experiment 1, solid line) 
and in a water mass plume (experiment 3, dashed line). 
Density is reduced by 1028 kg m -3. 
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and Backhaus, 1994]. The plume induces a downslope 
transport of water masses as it continuously entrains 
ambient water at the head and shifts this water a dis- 

tance downslope before releasing it back to the envi- 
ronment owing to sedimentation. Sedimentation then 
drives upward convection. As a result, the density field 
of the ocean is modified after the passage of the plume 
(Figures 12d), showing sloping isopycnals confined to 
a 100 m thick bottom layer. These sloping isopycnals 
induce a slope-parallel band of geostrophic northward 
flow (into plane) of speeds in excess of 5 cm s -• (Figure 
14a). Above the bottom layer a band of southward flow 
(out of plane) of similar speeds develops (Figure 14b). 

In experiment 8, suspended sediment in shelf water 
initiates a downslope export of low-salinity shelf wa- 
ter (Figures 15a-15c). Sedimentation in the tail of the 
plume drives upward convection as in experiment 7. Be- 
cause both (1) the initial density stratification below 
the pycnocline is weaker and (2) the (negative) salinity 
anomaly carried by the plume is larger than in exper- 
iment 7, the effect of upward convection is much more 
pronounced. Here slope water is stirred over several 
hundred meters, i.e., from the seafloor up to the pycn- 
ocline (Figure 15c). This ventilation stops close to the 
foot of the slope, where a density front is formed and 
sedimentation is maximum. Again, as in previous ex- 
periments, the sediment plume does not penetrate far- 

ther than a distance of the order of 10 km away from 
the foot of the slope. 

The bottom shear stress in the plume depends lin- 
early on the bottom slope (experiment 9; see Figure 
16). Sediment plumes are created only when the bot- 
tom slope adjacent to the shelf break exceeds a thresh- 
old value of the order of 0.01 (inclination angle •0.6ø). 
Sedimentation is uniform along the slope as in experi- 
ments 1 and 2, but the final amount of bed sediment on 
the slope varies slightly with bottom slope (not shown). 

4. Final Discussion and Conclusions 

A number of numerical case studies were performed 
to investigate sediment-induced slope convection. It 
was demonstrated that sediment plumes, although they 
are short lived and very shallow features, may have a 
significant impact on local density fields and currents 
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in a density front close to the foot of the slope where 
maximum sedimentation also occurred. These findings 
are in agreement with field observations from a tropical 
ocean [Quadfasel et al., 1990] and suggest that similar 
processes may occur at high latitudes, as also outlined 
by Fohrmann et al. [1998]. Note that, during a large 
storm, near-bed sediment concentrations of 1 kg m -3 
have been observed in an Arctic shelf sea [Macdonald 
and Thomas, 19911, which is in the upper range of val- 
ues considered in our studies. Recent field observations 

of substantial sediment fluxes near the shelf break in 

that shelf sea gave further evidence for the occurrence 
of storm-related sediment plumes JR. W. Macdonald, 
personal communication, 1998]. 

The deep ocean in the present studies was limited to a 
depth of 1000 m. For a basin having an abyssal plain of, 
say, 5000 m depth, one may argue that, because of sed- 
imentation behind the plume, a sediment plume is not 
expected to reach the abyssal plain. The present stud- 
ies, however, revealed that the plume length (depending 
on the duration of forcing) does not significantly de- 
crease owing to sedimentation during the descent (see 
Figure 3). This finding suggests that sediment plumes 
can reach much deeper than in our studies. As the 
plume exchanges salt (and heat) with its environment 
(experiments 7 and 8), however, the conditions under 

adjacent to the continental slope, possibly influencing 
the large-scale circulation. 

Sediment plumes were initiated only for suspensions 
near the shelf break with sediment concentrations of 

fine-grained silty muds exceeding a threshold value of 
0.17 kg m -a (for a constant bottom slope of 0.02; see 
Figure 5a). This threshold value depended on the bot- 
tom slope adjacent to the shelf break. It is evident, 
however, that in the model, sediment erosion-deposition 
depends crucially on the choice of the critical bottom 
shear stress re. In nature this critical value can be ex- 
pected to be highly variable both in space and time, 
depending on seabed properties and grain size fraction. 

As the sediment concentration in shelf water exceeded 

the above threshold value, however, downslope flows 
were initiated, which were related to substantial short- 
term downslope sediment fluxes. Suspended sediment 
enhanced downslope flow of high-salinity shelf water but 
also triggered downslope flow of low-salinity shelf wa- 
ter. In all cases, however, sediment plumes slowed down 
and finally disappeared close to the foot of the con- 
tinental slope. The reason for deceleration of plumes 
was that the bottom-parallel gravity forcing (given by 
p//pogr I [e.g., Turner• 1973; Ezer and Weatherly, 1990]), 
which accelerates the plume on the slope, vanished on 
the abyssal plain. Downslope flow of low-salinity shelf 
water induced sedimentation-driven upward convection, 
stirring slope water over a depth range of several hun- 
dred meters. This ventilation of slope water resulted 
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which a sediment plume is able to ventilate slope wa- 
ter at such large depth remain an important area to 
investigate in future studies. Tracking of water parcels 
(particles) may be a powerful tool to solve this problem. 

Active sediment plumes were confined to only a few 
decameters above seabed. Owing to their highly short- 
lived and transient character, direct field observations 
are difficult to obtain. The simulated traces of sediment 

plumes, which may help to facilitate their detection in 
field data, are given as follows. The smoking gun signals 
[Baines and Condie, 1998] after the passage of a plume 
are (1) maximum sedimentation adjacent to the foot of 
the continental slope (experiments i and 2); (2) forma- 
tion of a jet at the upper shelf edge (experiment 4); (3) 
sloping isopycnals close to the seafloor along the entire 
continental slope with bands of along-slope geostrophic 
counterflows (experiment 7); and (4) ventilation of slope 
water along the entire continental slope caused by vig- 
orous upward convection creating a density front close 
to the foot of the slope (experiments 7 and 8). The sec- 
ond and third traces can be expected to have a smaller 
timescale than the others have; that is, near-bottom 

density and current anomalies may disappear on rela- 
tively short terms owing to various processes (e.g., tidal 
dynamics). Note that our two-dimensional studies sug- 
gest that, after the passage of a sediment plume, there 
are no traces in bed sediment on the slope (experiment 
5). 

It was further demonstrated that sediment plumes 
differ from water mass plumes owing to the peculiarity 
of sediment settling. As a result of sediment settling, 
they were shallower and denser and downslope veloci- 
ties were much more pronounced as compared to water 
mass plumes. This is in agreement with the studies of 
Price and Baringer [1994], who investigated the effect 
of plume height and density on the dynamics. The most 
striking result of our studies was that sediment plumes, 
while descending on the slope, attained constant height 
and density anomaly relative to ambient water. Even in 
a very stably stratified ocean, the sediment plume pene- 
trated down to the abyssal plain (experiment 7). These 
features were the result of detrainment associated with 

sediment settling, which is outlined in the following. 
Water mass plumes, while descending on the slope, 

typically increase in height and lose their density con- 
trast relative to ambient water as a result of turbu- 

lent entrainment. This is confirmed by both field and 
laboratory studies [e.g., Pederson, 1980]. On the basis 
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of these studies, entrainment effects are typically pa- 
rameterized in reduced-gravity plume models by a so- 
called "entrainment velocity" [e.g., Parker et at., 1986, 
1987; Bonnecaze et at., 1993; Jungctaus and Backhans, 
1994; Fohrmann et at., 1998]. In contrast to water 
mass plumes, sediment plumes not only entrain am- 
bient water owing to turbulent diffusion but also lose 
(i.e., derrain) their properties to ambient water owing 
to sediment settling. Accordingly, sediment plumes may 
attain a stationary vertical stratification of suspended 
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Figure 15. Experiment 8. Salinity contours after (a) 
2, (b) 5, and (c) 8 days reduced by 34.7 psu. Contour 
interval is 0.002 psu. Values below 0.1 psu are omitted. 

sediment (equilibrium distribution). For a nonstrati- 
fied environment, such equilibrium distribution is given 
by vanishing vertical sediment fluxes throughout the 
plume; that is, 

OC 

ws C + Av-•z z -0. (20) 
Note that (20) applies for stationary, horizontally uni- 
form sediment plumes with vanishing sediment fluxes at 
the seafloor. Such equilibrium implies that entrainment 
is balanced by detrainment; that is, the plume height 
remains constant during the descent as in experiment 1. 
By assuming a constant eddy diffusivity (representing 
a typical value) the solution of (20) is given by 

• (z*) -- •o exp (-•r-•) (21) 

where z* is the distance from the seafloor, Co is the 
sediment concentration near the bed, and h - •r Av/ws 
is an e-folding depth scale. In experiment i a typical 
eddy diffusivity in the plume was Av - 0.025 m 2 s -x. 
By using this value in (21), it turns out that typical 
vertical profiles of sediment concentration, predicted in 
experiment 1, agree well with the analytical solution 
(Figure 17) and the corresponding e-folding depth scale 
of h • 40 m. On the other hand, the existence of both 
entrainment and detrainment implies an exchange of 
heat and salt between plume and ambient water. Ac- 
cordingly, during the descent of a sediment plume in a 
stably stratified ocean, this exchange results in an in- 
crease in density of the plume as in experiment 7. Note 
that detrainment associated with sediment settling may 
explain features observed in the laboratory experiments 
of Garcia and Parker [1993]. In those studies, sediment, 
resuspended by a salinity plume, was confined to only 
a near-bottom fraction of the flow. Detrainment is also 

evident in some of the laboratory experiments of Parker 
et at. [1987]. Thus evidence suggests that detrainment 
associated with sediment settling constitutes an impor- 
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Figure 16. Typical shear bottom stress (circles) de- 
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Bottom slope is varied by changing the horizontal grid 
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studies equals of experiment 1. Horizontal dashed line 
denotes the critical bottom shear stress. 
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Figure 17. Vertical equilibrium profile of sediment 
concentration (solid line) according to equation (21). 
Circles (stars) show typical vertical profiles of sediment 
concentration for a vertical grid resolution of Az -- 10 
m (Az - 5 m). Vertical coordinate is the height above 
seafloor. 

taut process inherent in sediment plumes. However, as 
our studies were highly idealized, such detrainment ef- 
fects, not considered in previous reduced-gravity plume 
models, should be investigated in detail in future stud- 
ies. 

The descriptions of sediment deposition-erosion and 
subgrid scale turbulence were indeed very simplified and 
modest. In view of the complexity inherent in the 
sediment-water mixture, further innovations and im- 
provements from laboratory, numerical, and field stud- 
ies are recommended. A major improvement appears 
to be the formulation of a three-dimensional model for 

simulations of sediment-driven downslope flows in sub- 
marine canyons, which are common to most continental 
margins [Baines and Condie, 1998]. Investigations of 
such sediment-driven canyon flows, which can be ex- 
pected to differ from those outside a canyon, are in 
progress. Future experiments may also consider a spec- 
trum of sediment grain sizes (and their interaction), as 
in the studies of Fohrmann et al. [1998]; e.g., providing 
information on "sorting" of sediment of different grain 
size on the continental slope. 
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