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Abstract-Turbidity currents resulting from underwater earthquakes that cause slumps and bring 
mud into suspension are common in the ocean. The 1929 Grand Banks earthquake, which generated 
a large turbidity current, is of particular interest because, as the current advanced, all the submarine 
telegraph cables situated downslope were broken in sequence. Since the location and breakage times 
are known. these successive breakages provided a unique set of observations of the current’s downhill 
propagation speed. They show that the current’s propagation rate was drastically reduced as it 
advanced toward the abyssal plain. 

The dramatic reduction in speed has been previously attributed to (i) the natural reduction in the 
bottom slope which occurs as one approaches the abyssal plain; (ii) settling of the mud out of 
suspension, which reduces the density at the current; and (iii) bottom‘friction. In the present paper, a 
new and powerful alternative to the above explanations is proposed. It is suggested that, since the 
observed migration of the current lasts for about 10-l 5 h, the rotation of the earth could dramatically 
alter both its path and structure. Using exact solutions of the nonlinear shallow water equations, it is 
shown that due to the earth’s spin; the initial downhill migration is severely altered within hours after 
the earthquake. 

The gravity current resulting from the earthquake is modeled as an isolated patch of dense and 
inviscid fluid situated on a parabolic bottom, which can be either concave or convex. The steep 
portion of the concave bottom corresponds to the continental rise, whereas the flat portion 
corresponds to the abyssal plain. This reflects the actual situation corresponding to the 1929 Grand 
Banks earthquake. (Convex bottoms, on the other hand, correspond to turbidity currents situated on 
top of the continental shelf.) It turns out that, due to the gravitational pull and the rotation of the 
earth, the patchy gravity current migrates as a blob (with an anticyclonic circulation) along a cycloid 
whose mean path is parallel to the isobaths. For a concave (convex) bottom the blob becomes an 
ellipse which is oriented across (along) the isobaths. The cycloid is composed of inertial oscillations 
with an amplitude of the order of g’St/f’ (where g’ is the “reduced gravity” gAp/p, S, is the local 
bottom slope and f is the Coriolis parameter). For all concave bottoms in mid-latitude, the downhill 
migration of the patch will be slowed down dramatically within one inertial period (i.e. several 
hours). Although the comparison of our model to the actual current is qualitative (and not 
quantitative) in nature, this speed reduction is offered as an alternative explanation for the 
observations. 

An additional interesting result, unrelated to the 1929 Grand Banks earthquake, is that the convex 
bottom has a critical curvature beyond which the blob separates from the bottom and penetrates into 
the ocean interior. That is, as the curvature of the convex bottom increases, a point is reached when 
the associated centrifugal force is so large that the blob can no longer cling to the floor and must “fall 
off’. Furthermore, for strong bottom curvatures (concave and convex) the blob cannot maintain its 
coherent structure and breaks up into smaller patches. Copyright 0 1996 Elsevier Science Ltd 

INTRODUCTION 

Many earthquakes cause shocks, slumps and slides on the continental slope. As a result, 
sediment is brought into suspension, and the density of the fluid in the immediate vicinity of 
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the earthquake increases. This causes a turbidity current, which initially tends to flow 
downhill. The question of how such turbidity currents are affected by the earth’s rotation is 
important, because the currents frequently have a length scale (I) comparable to the Rossby 
radius [(g’H)“*/f, where g’ is the “reduced gravity” (gAp/p), H is the current depth andfis 
the Coriolis parameter], and a Rossby number (U/J, where U is the velocity scale) of order 
unity or less. 

The above scales result from the fact that such flows usually last for many hours or more. 
Examples are the turbidity current resulting from the well-known 1929 Grand Banks 
earthquake, which caused cable breakages up to 13 h after its formation (see, e.g. Heezen et 
al., 1954), the earthquake-generated current in the New Britain Trench reported by Krause 
et al. (1970) and currents in the Hispaniola-Caicos basin discussed by Bennetts and Pilkey 
(1976). Despite these indications that the influence of rotation may be crucial to the current 
behavior, the role of rotation in turbidity currents dynamics received little or no attention 
(Allen, 1985; Simpson, 1987). So far, the effect of rotation has been studied only with regard 
to gravity currents resulting from a steady and continuous source. Furthermore, these 
studies were limited to currents propagating along vertical walls or continental shelves 
(Smith, 1975; Stern, 1980; Griffiths, 1986; Nof and Van Gorder, 1988). The reader is also 
referred to Wright and Willmott (1992) Jungclaus and Backhaus (1994) and Condie (1995) 
where related situations are considered. Although all of these studies are informative, they 
are not directly related to our problem where a slump causes an abrupt and isolated increase 
of density in a patch of fluid on the continental slope. 

To bridge this gap in our knowledge, we shall focus here on the adjustment of slide- 
induced gravity currents to the spinning of the earth. We shall see that the influence of the 
earth’s rotation on the modeled current’s direction and rate of propagation can be very 
dramatic - so much so, that the gravitational propagation of the current in the downhill 
direction (corresponding to a balance between inertial and buoyancy forces) is usually 
arrested after some time. The final outcome is a convoluted migration path along the 
isobaths (corresponding to a balance between the Coriolis, inertial and buoyancy forces). 
Although the comparison of our modeled current and the observations is necessarily 
qualitative in nature, this calculated path is particularly important with regard to the actual 
gravity current resulting from the 1929 earthquake. It suggests an alternative explanation to 
existing theories regarding the dramatic reduction in the current’s downhill propagation 
rate (Fig. la-c). 

Background 

The first explanations for the observed reduction in the current speed were given by 
Kuenen (1952) and Kullenberg (1954), who regarded the gravity current essentially as a 
steady river flow where the balance is between bottom friction and buoyancy. Their 
computations are based on the so-called Chezy formula, which was already in wide use 
during the 19th century and is considered adequate only for flows with relatively small 
length scale [N 0( 100 m)] and a small depth scale [N 0( l-10) m]. The ChCzy formula implies 
that the speed reduction is simply a result of the decreased bottom slope. 

More modern explanations for the dramatic reduction in the observed downhill 
propagation rate rely on modeling the current (resulting from the slides which bring 
particles into suspension) as a nondiffusive and nonrotating dense fluid initially blocked by a 
gate (Fig. 2). This nonrotating problem was first investigated by Von Karman (1940) who, 
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Fig. I(a). Bathymetric map of the western North Atlantic showing the epicenters ofthe 1929 quake 
(0). the telegraph cables (dotted lines), and the areas of damaged cables (dashed-dotted lines). 
Adapted from Heezen and Ewing (1952). A close-up of the region bounded by the dashed line is 

shown in Fig. 1 b. 

using the energy-conserving Bernoulli principle, found the propagation rate to be (2g’h)“‘. 
Later on, Benjamin (1968) showed that energy is actually not conserved in such a system 
(due to breaking waves on the back of the head). It so happened, however, that the correct 
answer for the propagation rate is identical to that obtained by Von Karman. 

More recent advances suggest that the nondiffusive system follows three stages of 
development. The first stage is the so-called slumping stage, where the initial conditions are 
important and the current moves approximately at a constant speed (Huppert and Simpson, 
1980; Rottman and Simpson, 1983). This stage lasts until the front advances several initial 
lengths [i.e. O(L)] away from the lock. The second stage is where there is a balance between 
inertial and buoyancy forces (Hoult, 1972). In this stage the propagation speed decreases as 
t-‘j3 (where t is the time measured from release) because the depth of the current decreases 
as it spreads along the bottom (Rottman and Simpson, 1983). The final state is a state where 
viscous, rather than inertial, effects dominate the flow (Huppert, 1982; Didden and 
Maxworthy, 1982). This last stage is reached when the current becomes so shallow that 
frictional effects have enough time to penetrate into its core [i.e. when t N O(h*/o), where u is 
the vertical eddy viscosity]. 

These fundamental results are also applicable to axisymmetric turbidity currents resulting 
from the release of a finite amount of dense fluid in an unbounded basin. The original 
frictional results (based on the ChCzy formula) obtained by Kuenen (1952) were later re- 
examined and extended to steady turbidity currents on a uniformly sloping bottom (e.g. 
Middleton, 1966). As before, the analysis suggests that the propagation rate increases with 
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Fig. l(b). A close-up of the region bounded by the dashed line in Fig. la, showing the location of 
the 1929 turbidite relative to the topography. Times (in minutes) of cable breaks (solid dots) and the 
thicknesses of the turbidite deposits are also shown. Our modeling efforts focus on the behavior of the 
current after it left the upper and lower valleys (where it was constrained by the side walls) and 
entered the free Sohm Abyssal Plain. The dashed double-dotted line indicates the axes of the valleys. 
Note that the center of the turbidite is situated to the right (looking downhill) of the main valley axis, 

indicating the influence of the earth’s rotation. Adapted from Piper and Aksu (1987). 
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Fig. l(c). Topographic cross-section south of the 1929 Grand Banks earthquake, with 
superimposed downhill propagation rate profile as determined by the successive cable breaks 

[adapted from Heezen and Ewing (1952)]. 

Fig. 2. A gravity current resulting from the removal of a lock. The current (whose density is p + Ap) 
underlies an infinitely deep layer (of density p) and advances to the right (at a speed C) due to the 
excess pressure behind the head. The “wiggly” arrow indicates the propagation of the current and 

needs to be distinguished from the particle speed, indicated by a solid arrow. 
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increasing slope (see Allen, 1985, p. 227). However, some laboratory experiments showed 
that, for some range of parameters, the speed is almost independent of the slope, probably 
due to an increased entrainment and dilution of the head, which compensates for the 
additional gravitational component (Britter and Linden, 1980). Other studies of inviscid 
turbidity currents showed that the propagation rate decreases due to deposition of particles 
(Bonnecaze et al., 1993) or increases due to sediment entrainment from the bed (Parker et 
al., 1986). The effect of entrainment (e.g. Nof, 1985b) on gravity current propagation is not 
known yet, as it is associated with a reduced density (which reduces the speed) but an 
increased depth (which increases the speed). 

The above findings suggest that the observed reduction in the downhill propagation speed 
of the turbidity current front (associated with the 1929 Grand Banks earthquake) can be a 
result of(i) the decrease in depth associated with the second stage where buoyancy balances 
inertia; (ii) deposition of sediments; (iii) bottom friction; and (iv) a decrease in the bottom 
slope. There could also be a flow reduction due to divergence resulting from the removal of 
lateral constraints; evidently, this happened when the actual 1929 current exited the Eastern 
Valley and transversed the lower rise onto the abyssal plain (Hughes Clarke et al., 1990; see 
also Stow, 1981). However, this sort of propagation speed reduction is actually due to a 
reduction in depth as well as the increase of bottom friction (due to an increase of contact 
area), so that it is in fact included in the above four processes. 

Although all of these four explanations are certainly possible, we shall show that the 
earth’s rotation could completely arrest the downhill motion within hours after the 
earthquake. As already alluded to earlier, the Rossby radius (calculated from the speeds 
given in Fig. l), which is about 50 km or so, is of the same order as the width of the current 
[200 km according to Heezen and Ewing (1952)] and the Rossby number is less than unity 
(- 0.5, if the speed is taken to be 10 m s-l), indicating that rotation should not be ignored. 

Present approach 

We shall model the turbidity current as a blob of fluid resulting from the release of fluid 
initially held in a slot on the continental slope (Fig. 3). Although the actual way that the 
turbidity current is initially formed is obviously considerably more complicated than that, it 
is assumed here that the “slot” scenario is a reasonable first-order approximation. Four 
distinct processes will follow the, withdrawal of the partition. 

Immediately after the removal of the gate the current will go through a complicated 
slumping stage (during which the fluid emerges from the slot). On the basis of Heezen and 
Ewing’s (1952) estimates, it is expected that the conceptual emergence process would last 
considerably less than an hour. However, recent work (Hughes Clarke, 1988; Hughes 
Clarke et al., 1990) suggests that the actual “emergence” may have lasted several hours, 
corresponding to a gate that is removed slowly rather than quickly. We shall see shortly that, 
since we do not focus on the initial state in a quantitative manner, its details are not 
important for our analysis. 

The emergence process is accompanied by a geostrophic adjustment process, during 
which a blob containing an anticyclonic circulation is formed on the slope. As in other 
adjustment processes, this stage is expected to be completed after a pendulum day [i.e. 
OY_ ‘)I. It actually contains two separate processes: one is the establishment of the “blob”, 
and the other is the response of the blob to the presence of the slope and the associated 
generation of along-isobath migration. Both of these processes correspond to a balance 
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Fig. 3. A schematic three-dimensional view of the conceptual turbidity current model. The turbid 
water generated by the earthquake-induced slide is initially contained in a slot that is blocked by a 
gate. After the gate is removed the fluid goes through a slumping stage and geostrophic adjustment. 
During this period, which may last several hours, a blob containing an anticyclonic circulation is 
formed on the continental rise. As a result of the sloping bottom, the blob migrates along a cycloid 
with shallow water on its right-hand side (looking forward). The downhill migration of the modeled 
(inviscid and nondiffusive) blob slows down during each period. Due to deposition, bottom friction, 
diffusion and entrainment the actual current probably broke up after one oscillation period or so. 

This scenario implies that the successive cable breakages all occurred within the very first period. 

between inertia, Coriolis and buoyancy. It is the third process - the generation of along- 
isobath migration-that we shall focus on. Ultimately, after a relatively long time [O(h*/u), 
where h is the depth and u is the vertical eddy viscosity], a fourth process, during which 
internal and bottom friction dominate the flow, is established. 

It is difficult to estimate how long it would take before the internal friction takes over in 
the ocean because of the difficulty in estimating u. However, it would probably be at least 
several days (if not much more) before it would become important. Bottom friction is 
another matter, however. It can probably be ignored as long as the gravitational pull 
[N O(g’S&*), where g’ is the “reduced gravity”, S the bottom slope, h the depth of the 
blob and R,, the radius of the blob] is greater than the frictional drag along the bottom 
[ - O(z/p)Rd*, where r/p, the bottom stress, is roughly 0.0016(;)2 where u*, the frictional 
velocity, is roughly 1 m s-I)]. Typical values for the 1929 turbidity current (discussed in 
Section 5) suggest that bottom friction can indeed be ignored for the first day or so. Later on, 
however, when the depth decreases, bottom friction is expected to be as important as the 
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inertial terms. In this context, it should be pointed out that during the 1929 turbidity current 
there was also a major interaction of the current with the bed. It took place from the upper 
valley, where floor erosion dominates, to the lower valley near 2900m where sand was 
deposited (Hughes Clarke et al., 1990; Shor et al., 1990). This process as well as entrainment 
are neglected, not because they are small but rather because other processes are being 
investigated. 

Our decision to focus on the third process (the migration pattern of the blob) is based on 
the idea that, together with the second process (i.e. the adjustment leading to the blob), it 
represents the most important aspect of ‘the dynamics leading to the cable breakages. 
Furthermore, it is probably the only process for which an analytical solution can be found. 
Recall, however, that although analytical solutions allow greater understanding of the 
process in question, they cannot describe the entire phenomenon and, therefore, are not an 
end to the investigation process. As a second stage of this work it probably will be necessary 
to produce a numerical solution. 

The mathematical approach that will be used throughout the paper is to transform the 
equations of motion to a coordinate system moving with the blob and then to solve the 
problem by separating the time-dependent translation from the circulation within the blob. 
This partition enables one to construct two separate sets of governing equations. One 
describes the blob’s translation and the other governs the blob’s internal circulation. 

This mathematical approach is similar to that used by Nof (1983, 1984) for eddies on a 
uniformly sloping bottom, except that we use here a parabolic bottom which is a more 

TOP VIEW 

5. a -k. !I!2 
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abyseel plain 

Fig. 4. Schematic top and side view of the model under study. The isolated idealized turbidity patch 
is situated on a parabolic bottom and is embedded in an infinitely deep fluid. The patch is translating 
at an unsteady speed (C.Y2 + Cl, 2 ‘I’; its center is located initially at x,=yS= 0. The subscript “s” ) 
indicates association with a stationary frame of reference; the absence of a subscript will later indicate 

association with a traveling coordinate system. 
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accurate representation of the actual bottom topography of the Grand Banks. The 
difference between the two cases is expected to be fairly major, because a parabolic 
bottom corresponds to an assemblage of many small sections with uniformly sloping 
bottoms. Since each small uniformly sloped section is expected to produce a different 
(uniform) migration speed, an assemblage of different slopes is expected to produce an 
assemblage of different migration speeds (acting on the blob) which, in turn, will produce a 
rapidly dispersing blob. It turns out, however, that this is not always the case. We shall see 
that, for curvatures such as those associated with the Grand Banks (which are relatively 
small), the blob behaves as if it were a solid body with a density slightly higher than the 
environmental fluid. As a result of the bottom curvature, the blob becomes elliptical. We 
shall see that there is a distinct difference between a blob on a parabolic bottom that is 
concave (i.e. a bottom profile resembling a valley) and a parabolic bottom that is convex (i.e. 
a bottom profile resembling a round ridge). The first corresponds to the situation associated 
with the Grand Banks and the second to a blob situated on top of the continental slope. It 
turns out that, for all the range of parameters examined, a blob on a concave bottom is 
always attached to the floor as should be the case. However, for “strong” convex bottom 
curvatures the associated centrifugal force is so large that the blob is unable to cling to the 
bottom; it must separate from the bottom and mix into the ocean’s interior. 

As already alluded to earlier, the contribution of the present paper to the existing 
literature is two-fold. First, it introduces the important new point that turbidity currents 
resulting from slumps and slides must be affected by the earth’s rotation. Second, it 
introduces a new and interesting solution for the migration of a blob on a parabolically 
sloping bottom: this is addressed in Section 2 (where the formulation is presented), Section 3 
(where the solution is presented), Section 4 (where the results are analyzed) and Section 5 
(where the results are discussed). There is some limited (and unavoidable) overlap between 
the present paper and the earlier ones on eddy dynamics, because an attempt has been made 
to make the present paper self-contained. 

FORMULATION 

Consider the idealized two-layer model shown in Figs 3 and 4: the blob’s density and 
depth are (p + Ap) and h, respectively, and the infinitely deep upper fluid is taken to be at 
rest. For convenience, we assume that the blob has been placed on the sloping bottom by the 
removal of the gate which releases the fluid trapped behind it. We shall seek time-dependent 
solutions and begin by considering the usual shallow water equations for the movement of 
the blob: 

$ + v, . (hu,) = 0, 
s 

where u, is the horizontal (two-dimensional) velocity vector, VH is the horizontal del- 
operator and p is the deviation of the hydrostatic pressure from its motionless value; the 
subscript “s” denotes that the variable in question is associated with a stationary frame of 
reference located at the center of the blob in its initial position. (Note that, for convenience, 
all the variables are defined both in the text and in Appendix A.) The axes of this coordinate 
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Fig. 5. Definition of variables for the curved bottom. The concave bottom corresponds to the 
actual bottom profile associated with 1929 Grand Banks earthquake (Fig. 1 b) and the convex bottom 

corresponds to turbidity currents situated on top of the continental shelf near the shelf break. 

system (x, and ys) are directed at 90” and 180” to the left of the downhill direction and the 
system rotates uniformly about the vertical axis. 

The set (1) and (2) is subject to the condition, 

h = 0, along a closed curve, (3) 

which states that the blob’s edge is an unknown boundary. 
To examine the movements of the blob, the governing equations are transformed to a 

coordinate system moving with the blob’s center, i.e. the point where the swirl velocity 
vanishes: 

where the variables without subscripts correspond to the moving coordinate system, so that 
in general u = u(x,y,t) and v = v(x,y,t). C, and C, are the translation speeds of the center of 
the blob in the x, and yS directions, which are taken to be functions only of time [i.e. 
C, = C.X(ts), C, = CJQ] and are subject to the initial conditions 

c, = c, = 0; ts = 0. (4b) 

This condition states that when the blob is initially formed, it has no translation in either the 
x, or they, direction. It is not apriori obvious that the blob’s initial state is such a state of no 
migration, but we shall see later that other initial conditions do not yield a fundamentally 
different result. 

Since X, y, and t are now functions of x,, yS and t, [i.e. l3/at, = (a/ax)(ax/i3t,) + (a/ay)(ay/ 
at,) + (a/at)(at/at,) and similarly for a/ax,, ajay,], the time and space derivatives 
corresponding to (4a) are 
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a 
at,=- cc& ,"+a 

ay at 
a a a a -=- 

aX, = 2 ays ay I (5) 

In terms of the new variables [defined by (4a)] and the corresponding derivatives [given by 
(.5)], the new governing equations are 

(6) 

(7) 

(8) 

wherep is the deviation of the hydrostatic pressure from the pressure associated with a state 
of rest (i.e. a no blob state). In terms of the old variable y, this pressure is 

P = ,a@/@ + SY, + &Y; - 4, (94 

where Si and S, are the constants associated with the parabolic bottom (so that Sly + So2 
measures the vertical deviation of the bottom from a flat surface, as shown in Fig. 5). In 
terms of the new variable y, the deviation of the pressure from the pressure associated with a 
state of rest is 

p=gng(h+h(y+l15dt)+4[v2+2y~C,“dii(~C~dt)l] -+ (9b) 

It is further assumed (and later verified) that the blob’s velocities u and v and the blob’s 
depth h are independent oft so that the blob’s shape remains unaltered as it is translating. 
Under such conditions only the translation speeds C, and C_,, are functions of time, and (6) 
to (9a) take the form, 

; + v; +s(u + C,) = -g’ 
( 

$ + Si + 2S2y + 2& 
J > 

’ C,dt (11) 
0 

(10) 

where g’ = g(Ap/p). 
The initial and boundary conditions in our new moving coordinate system remain similar 

to those of the stationary coordinate system (3) and (4b) and can be written in the form, 

C.Y = C.v =o, t=O (13) 

h(x, y) = 0, along a closed curve. (14) 
Before proceeding and discussing the detailed solution, it is appropriate to point out that, 
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although our solution is confined to blobs that do not change their shape and structure with 
time, there might be other (mathematically less tractable) solutions which are physically 
plausible. The solution for these cases is beyond the scope of this study. 

SOLUTION 

To derive the general solution, it is recalled that we have assumed that u, v and h are 
functions of x and y alone [i.e. u = u(x,y); v = v&y); h = h&y)] and that C, and C, are 
functions only of time [i.e. C,= CX(t); C, = C,(t)]. Hence, separation of the terms that 
contain t from those that contain x and y alone shows that (lO)--(lZ) can be partitioned into 
the two independent sets: 

$g/c, =o 

$ + f c, = -g’s, - 2g’& s I 

C,dt 
0 

(154 

(16) 

Since Si is a constant, the term g’Si could have been included in (16). We shall see, however, 
that such a division of terms does not yield a solution that satisfies the boundary conditions. 
It is easy to demonstrate that the set (15a,b) describes the motion of a solid ball on a 
parabolic bottom. This means that the blob migrates as if it were a solid ball with a density 
(p + Ap). In this context it is appropriate to point out that similar kinds of inertial problems 
(i.e. the motion of a solid ball corresponding to a balance between inertia and Coriolis) were 
previously considered by Cushman-Roisin (1982) Paldor and Killworth (1988) and Paldor 
and Boss (1992). 

The set given by (16) describes the motion in the interior of the blob. These equations are 
independent of C, and C, implying that the blob’s interior is steady so that its structure is 
independent of the migration. The structure depends, however, on the bottom curvature S2 
which, in turn, controls the migration speeds. 

The migration of the blob 

The solution of (15a,b) is obtained as follows. First, (15a) is integrated once in time to give 
an expression for the last term on the right-hand side of (15b). Second, the derivative of 
(1 Sa) with respect to time is taken to express the first term on the left-hand side of (1Sb). The 
resulting equation is 

2 + (j-2 + Zg'&)C, = -g’Stf. (17) 

This familiar equation has two kinds of solution. When (1 + 2g’S,/fz)>_O [i.e. the bottom is 
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Fig. 6. Upper panel: the nondimensional path of a blob on a concave (parabolic) bottom. As a 
result of the bottom’s curvature the blob becomes an ellipse whose major axis is perpendicular to the 
isobaths. It propagates along a cycloid with a period smaller than that associated with a linearly 
sloping bottom (Sz’ = 0, where Sz’, the nondimensional curvature, is defined by Sz’ = 2g’&/f2). Solid 
dots correspond to a time interval of I/’ Lower panel: the same as the upper panel except that bottom 
curvature is negative, i.e. the floor is convex rather than concave. Note that here the period is greater 

than that associated with a linearly sloping bottom. 

either concave (& > 0) or convex (S, < 0), but if it is convex then the curvature is relatively 
small], the solution that satisfies the initial conditions (13) is 

c, = v2-ffgfs2) [l - cos(f* + 2g’S#‘*t] 

c,. = -g’s1 
(f* + 2g5*p2 

sinCf* + 2g’S#*t. 

UW 

(18b) 

This oscillatory solution describes a cycloid whose position (X,, Y,) is given by 
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x, = -g’s1 

(f-2 + 2gYT*)3'2 
[(f* + 2g’S#*t, - sinv* + 2g’S#*t,] 

Y, = f2$$* [l - cos(f* + 2g's*)"*t,]. 

(W 

The oscillations result from the Coriolis force which pushes the blob to the right of its 
downhill path. It is so strong that it overcomes the gravitational force and pulls the blob 
back uphill until it reaches its original height. The relationship between the cycloid described 
by (19) to the cycloid associated with a blob on a uniformly sloping bottom (S2 3 0) is shown 
in Fig. 6. We see that the amplitude, the mean along-isobaths speed and the period all 
decrease due to a concave bottom (Sz > 0) and increase due to a convex bottom (S2 < 0). This 
results from the fact that for a concave (convex) bottom the actual slope is smaller (greater) 
than Si for negative y and greater (smaller) for positive y. As the curvature of the convex 
bottom increases (i.e., S2 increases its absolute value) a point is reached where the 
centrifugal force (due to the bottom curvature) is so strong that gravity can barely hold the 
blob on the slope (1 + g’S# = 0). At this point the solution loses its oscillatory nature and 
becomes 

c, = -g’SjY/2; c, = -g’s, t. 

These migratory speeds describe a parabolic path. 

(20) 

For (1 + g’S2/f2) < 0 there is no solution that satisfies the initial conditions, because the 
convex slope (and the resulting centrifugal force) is so great that the blob can no longer be 
attached to the bottom. In other words, the blob “falls off the bottom” when the convex 
curvature reaches the value I( > f */g'. Although this aspect is interesting because it points 
to a mechanism by which boundary layers may mix into the interior of the ocean, it has no 
bearing on the problem at hand. This is so because, as we shall see, the blob’s interior 
solution (i.e. the solution for the blob’s structure) which will be derived shortly, is valid only 
for weak curvatures (I &I) <f */g'. 

Finally, it is pointed out that solutions for nonvanishing initial speeds [i.e. C,(O) #O; 
C,(O) # 0] have also been obtained. This family of solutions corresponds to convoluted 
migration patterns that are somewhat different from the cycloid shown in Fig. 6. However, 
all possess the same fundamental characteristic of the cycloid, i.e. they are confined to an 
up-down slope distance of the order of g’s,/‘, they display inertial oscillations, and they 
correspond to an along-isobath migration. As such, they do not provide any new physical 
insights and, therefore, are not presented. 

The detailed structure of the blob 

The set of equations governing the interior of the blob (together with the appropriate 
boundary conditions) is identical to the equations (and boundary condition) governing the 
structure of a steady anticyclonic lens in a weakly sheared flow (Nof, 1985b, p. 80). This 
implies that the curvature of the bottom is analogous to weak linear shear, which is known 
to force a blob to become elliptical. 

Before describing the details of this known solution, it is appropriate to point out that 
with no curvature (i.e. S2 E 0) the solution of (16) that satisfies (14) consists of any radially 
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symmetric structure. The latter can easily be demonstrated by writing (16) in polar 
coordinates (r,(J) and setting a/# = 0 and v, = 0. This gives the single equation 

2 ah F+fv* = g$ (21) 

which is satisfied by any radially symmetric speed [v&)] as stated above. Namely, any 
interior structure whose circulation is purely tangential satisfies the governing equation and 
the boundary conditions. 

When curvature is present (S2 # 0) the above radially symmetric solution is modified. For 
blobs whose undisturbed (S, E 0) velocity profile is linear the modified solution (according 
to Nof, 1985b) is 

u = By - 2g’SzylB (22a) 

v=-Bx (22b) 

where h^ is the blob’s depth at the center, the undisturbed shear B satisfies B < f/2 (so that the 
relative vorticity is less than -A, and the curvature is small, i.e. (g’&/fz) 4 1. 

The lengths of the resulting ellipse along the x- and y-axes (2~2 and 2b) are 

2a = 2(2g’L)“2 1 - [ B;~B)jl[B(f - BN1’2 g'2; +-y 1 ' /[Bcf _ B)]'/2 
so that the ellipticity of the edge is 

a 0 i; 
=1_gls2 

B2 ’ 

(23) 

We see that for a concave bottom (S2 > 0) the main axis of the elliptical blob is oriented 
across the isobaths, whereas for a convex bottom (S2 < 0) the main axis is oriented along 
the isobaths. This is because a concave bottom acts like an exterior cyclonic shear, 
whereas a convex bottom acts like an anticyclonic shear. It is expected that for large 
curvatures [i.e. g’S# - O(l)] the blob will break up as the analogous eddies break up in 
large shear (Ruddick, 1987; Cushman-Roisin and Merchant-Both, 1995). This results 
from the fact that for large external shear the ellipse becomes so elongated that it 
corresponds to a one-dimensional double frontal current which is known to break up into 
a chain of eddies (see e.g. Griffiths et al., 1982; Nof, 1990). Solutions for undisturbed 
orbital velocity profiles that are not linear (e.g. profiles corresponding to uniform 
potential vorticity), can also be obtained but they are not expected to be fundamentally 
different and require numerical computations. Consequently, they are beyond the scope 
of this study. 

The combined solution 

The combined solution consists of(i) the solution for the path (19) and migration speeds 
(18) which is valid for all curvatures (S2) whose absolute value is smaller thanf/g’, and (ii) 
the solution for the interior (22)-(24), which is valid only for weak curvatures (S2 4 p/g’). 
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Strong curvatures (SZ >p/g’) are expected to force the blob to break up, implying that the 
structure is no longer independent of time as we originally assumed. Strictly speaking, our 
combined solution is valid only for “weak” curvatures. However, as is frequently the case 
with perturbation expansions, it is hard to estimate how large the perturbation can be before 
the solution breaks down. Furthermore, since the set (16) does not contain time-dependent 
terms, they are not the most general equations for a strong shear flow. Consequently, it is 
possible that the topographic solution is valid even for large S,. Determination of whether 
or not this is the case is beyond the scope of this study. 

Before proceeding and discussing our solution it is appropriate to point out that the most 
important limitation of our solution is probably the neglect of motions in the upper layer. 
This aspect is discussed in Appendix B. 

DISCUSSION 

The foregoing theory establishes that inviscid blobs on a parabolic bottom become 
elliptical and propagate along a cycloid [with a frequency @ + 2g’S2)1’2] parallel to the 
isobaths. For concave bottoms (S2 > 0) the ellipse is oriented across the isobaths and the 
oscillations are more frequent and more rapid than those associated with a blob on a linearly 
sloping bottom (Fig. 6a). For convex bottoms (S2 CO), on the other hand, the ellipse is 
oriented along the isobaths and the oscillations are less frequent than those associated with 
blobs on a linearly sloping bottom (Fig. 6b). 

These results apply in a quantitative manner only to blobs resulting from fluid released 
over a parabolic bottom. However, in a qualitative manner the results are also applicable to 
actual oceanic situations where the conditions are more complex and the geometries are not 
so simple. Typical volumes of slumps over the continental slope range from about 0.1 km3 to 
almost 200 km3 (see e.g. Heezen and Ewing, 1952; Heezen et al., 1954; Piper et al., 1988; 
Hughes Clarke, 1988; Shor et al., 1990). We shall shortly see that such slumps can generate 
blobs with a diameter of a few hundred kilometers, a thickness of 100 m or so, and a density 
anomaly (Ap/p) of 0.03. 

The thickness of the flow associated with the 1929 earthquake was taken by Kuenen 
(1952) and Kullenberg (1954) to be 270 m. Piper et af. (1985) argue, on the other hand, that 
the depth must have been at most 300 m and probably less than 150 m. Consequently, we 
shall assume here that a typical depth is roughly 150 m. To estimate the current length scale 
it is noted that each successive cable that was broken by the turbidity current was severed at 
two points separated by 70, 140, 300, 200 and 160 km. In each case the segment of cable 
between the two breaks was not found by the repair ships, suggesting that it was carried 
away and buried (e.g. Heezen and Ewing, 1952). These observations suggest a length scale of 
roughly 200 km which we will identify with the radius of the blob. By virtue of the blob’s 
approximate interior dynamics [relation (23) with B-f/2 and Sz N 0, i.e. a circular blob with 
zero potential vorticity] this corresponds to a Rossby radius of approximately 70 km. For a 
depth of 150 m and f - 10e4 s- ‘, this Rossby radius gives a density anomaly (Ap/p) of 0.03 
(which is consistent with the data analyzed by Hughes Clarke, 1988) and a (clockwise) 
orbital speed of about lOms-’ along the rim of the blob (which is consistent with the 
observed speeds). Note that the relatively high density anomaly suggests that the neglect of 
the environmental stratification is justified. 

The typical bottom slope along the continental rise is 1: 170; however, 500 km or so 
downhill the slope is merely 1:1500, suggesting that Si N l/170 and SZ-0.5 x 10e5 km-’ 



Rotational turbidity flows 1159 

[see Fig, lb and relation (9)]. These values correspond to a curvature strength (g’S&> of 
about 0.15, which appears to be consistent with our assumption of “weak” curvature (g’Sz/ 
f”< 1). Even for this apparently weak curvature, however, the influence on both the blob 
shape and the blob path are certainly not negligible. The corresponding ratio between the 
ellipse major and minor axes is roughly 0.4 which is quite far from unity but, it is hoped, not 
too far for our approximation to break down. Similarly, its deviation from the path that it 
would have had with no curvature is almost 25% [see the curves corresponding to &’ = 0.25 
and S,’ = 0 (Fig. 6a) and recall that Sz* = 2g’&/f]. 

Figure 6a shows that for these numerical values the downhill migration will be 
completely arrested after less than 9 h (3f ‘) from the time that the blob is established on 
the slope. During this time the maximum downhill migration speed, g’Si/@’ + 2g’Sz)“*, is 
about 15 m s-i which is consistent with Heezen and Ewing’s observations (1952). The 
downhill distance that the blob would travel before starting to climb back uphill for the 
first time is roughly 150 km, which is again consistent with the observation. Note that the 
blob itself has a diameter of 400 km, so that together with its path it would cover a total 
distance of about 550 km (see Fig. 3). Recall that this total distance does not include the 
distance from the slot (i.e. the shelf break) to the area where the blob is first established, 
which can be an additional few hundred kilometers. Consequently, the observed distance 
of 800 km from the shelf break to the last cable that was broken is consistent with our 
model. 

These calculations suggest that the delay in the cable breakages and the reduction in the 
downhill speed is a result of the fact that the blob moved along a cycloid to the right 
(looking downhill) of its straight nonrotating migration path. This scenario is consistent 
with the turbidite shown in Fig. 1 b. The highest speeds actually occur on the left-hand side 
of the blob center where the orbital speed and downhill speed are in the same sense. This 
may explain why some breakages occurred to the northeast of the expected nonrotating 
path and resolve the difficulty that Kullenberg (1954) had with the analysis of Heezen et al. 
(1954). 

Our new computations are probably more appropriate than some earlier calculations 
regarding the speed reduction, but they too provide only rough estimates. Bottom friction 
will no doubt become important after some time, and it is not entirely clear how many 
oscillations will be completed before the blob loses its potential energy and drifts gradually 
toward the abyssal plain. It is quite possible that the blob will not complete even one full 
cycle. However, given the rather large scale of the flow and the similarity of both the depth 
and time scales to other mesoscale processes in the ocean, it is highly unlikely that friction 
will dominate the flow during the earlier stages. In addition, it is appropriate to point out 
that observations of other turbidity currents (see e.g. Bennetts and Pilkey, 1976; Allen, 1985, 
p. 239) also suggest that the effect of rotation cannot be ignored in turbidity current 
calculations. 

Finally, the reader may wonder how submarine channels and canyons (which are known 
to extend downhill for thousands of kilometers away from major river mouths such as the 
Amazon) develop in the first place if most turbidity currents result mainly in a movement 
along the isobaths rather than across the isobaths (downhill). The answer to this question is 
that large turbidity currents, such as that associated with the 1929 earthquake, result in a 
movement mainly along the isobaths whereas small turbidity currents simply flow downhill. 
The different kind of behavior results from the tremendous difference in the scales ofthe two 
problems. The fraction of river outflows (such as the Amazon) which, due to a sediment 



load, is heavy enough to overcompensate for the salty oceanic water and flow downhill is 
roughly of O(lOO0 m3 s-i). In contrast, the flux involved in our earthquake-generated 
turbidity current is five orders of magnitude larger, 0(108 m3 s-l). Consequently, the 
relatively small turbidity currents resulting from river outflows are dominated by inertia, 
friction and buoyancy whereas our large turbidity current is dominated by inertia, rotation 

and buoyancy. 
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APPENDIX A 

LIST OF SYMBOLS 

lengths of the ellipse along the x- and y-axes 
undisturbed shear of the blob 
migration speed 
translation speeds in the x, and y, directions; the subscript “s” indicates association with the stationary 
coordinate system 
Coriolis parameter 
reduced gravity 
blob’s depth at the center 
depth of the blob 
currents’ length scale 
deviation of hydrostatic pressure from its motionless value 
position vector (x,i+y,i) 

polar coordinates 
Rossby radius (g’i)“2/f 
bottom slope 
constants associated with the parabolic bottom 
time measured from the initial position 
velocity scale 
horizontal (two-dimensional) velocity vector. As before, the subscript 2” denotes association with a 
stationary frame of reference; absence of a subscript indicates association with a moving coordinate 
system 
frictional velocity in the bottom boundary layer 
orbital and radial velocity in polar coordinates (r&I) 
free surface displacement 
vertical eddy viscosity 
density 
density of the blob 
bottom stress 
horizontal del-operator 

APPENDIX B 

Through wave radiation, motions in the upper layer can impose a significant “form drag” on the blob. Such a 
form drag can, in turn, alter the migration path of the blob. The importance of this drag to isolated blobs situated 
over a linearly sloping bottom has been a subject of debate for a number of years (see e.g. Mory, 1985; Mory et al., 
1987; Nof, 1985a; Swaters and Flier], 1991; Swaters, 1993; Whitehead et al., 1990), and to this date has not been 
unequivocally resolved. The arguments are based on the so-called Stern constraint, which, for a feature (over a 
linearly sloping bottom) that is isolated in both layers (i.e. at infinity all disturbances decay to zero faster than l/r, 
where r measures the distance from the origin),can be written as 

where ~1 is the free surface vertical displacement and h2 is the blob’s depth. This relation suggests that the motions in 
the upper layer are a1n~ay.r of the same order as the blob’s motions and, therefore, cannot be neglected even for 
extremely deep upper layers. A counter argument is that, since the blob is migrating, the upper layer behaves just 
like a flow over a bump. Such a flow does not decay at infinity (see e.g. Mary, 1985) and, hence, the condition of 
isolation in the upper layer is not necessarily valid. This implies that the velocity in the upper layer is indeed 
negligible, as is usually the case with reduced gravity models. 
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What happens when the blobs are situated over a parabolic bottom is not clear, as the Stem constraint is 
modified to 

A resolution of this aspect is beyond the scope of this study. 


