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THE DYNAMICS OF THE BOTTOM BOUNDARY LAYER OF THE DEE P OCEAN *

LAURENCE ARMI

Woods Hole Oceanogra phic Institution , Woods Hole , Massachusetts 02543, U.S.A.

ABSTRACT

Profiles of salinity and temperature from the center of the Hatteras

Abyssal Plain have a signature that is characteristic of mixing up a

V uniformly stratified region: a well—mixed layer above the bottom , bounded

by an Interface. The penetration height of the mixed—layer varies from

about 10 m to 100 m and has been correlated by Armi and Millard (1976)

with the one day mean velocity, inferred from current meters located

above the bottom boundary layer.

Here the dynamics of such layers is discussed. A model of entrainment

and mixing fo r  a f la t bo ttom boundary layer is outlined; this model is how—

ever incomplete because we find too little known of the structure of tur-

bulence above an Ekman layer. An alternate model is suggested by the es—

timate, from the correlation of penetration height with velocity of the

internal Froude number of the mixed layer , F ~ 1.7. This value indicates

that the large penetration height may be due to the instability of the well—

mixed layer to the formation of roll waves.

INTRODUCTION

In a recent study of the bottom boundary layer of the deep ocean Armi

and Millard (1976) have described aspects of this layer as observed with

a Cr13 profiler. An example of a salinity and potential temperature profile

V taken over the smooth Hatteras Abyssal Plain is shown In figure 1. Here

the well—mixed region extended to about 55 meters above the bottom and was

bounded by a sharp Interface across which the salinity, potential temper—

Sture and potent ial density changed. Above the interface there was a

nearly uniformly stratified region.

V * Contribution No. 3857 from the Woods Hole Oceanographic Institution ,
Woods Hole MA 02543.
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Figure 1. A salinity, potential temperature profile (from Armi and
Mil lard , 1976) in the middle of the Hatteras Abyssal Plain. V

Dotted line indicates structure could have formed by mixing
up the stratified region above. The traces from both the
lowering and raising of the profiler are shown .

The signature of the bottom boundary layer , with Its well—mixed region

bounded by an interface and a stratified region above , is distinctive. A V

signature like that of Fig. 1 is also seen in laboratory experiments in

which a uniformly stratified fluid in a tank is mixed up by stirring with

H a grid as in the experiments of Cromwell (1960) and Linden (1975), or a

surface stress as in the experiments of Kato and Philli ps (1969). The 
V

signature is typ ical of a mixing process , the penetration of which is

bounded by the interface which forms as a result of mixing the uniformly

stratified fluid.

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The thickness of the characteristic well—mixed region of the bottom

boundary layer on the smooth abyssal plain was correlated by Armi and

Millard (1976) with the one—day mean velocity measured just above the

layer to show that the layer is of dynamic origin. The region does not

form a pool or have a distinctive water mass characteristic. The thickness

of the layer is large compared with estimates of the turbulen t Ekman layer

• height.

Some quantitative relationships. Quantitative data characterizing the

observed bottom mixed layers and the adjacent stratified fluid are asV 
follows. A correlation of penetration height and velocity for the smooth

V Hatteras Abyssal Plain g ives

h/U ‘L 1.2 5 10 1 sec; (1)

typ ical values of h and U being SO m and 4 cm/sec. The celerity of

long interfacial waves can be calculated knowing the Brunt—V~ is
’
~l
’
~ frequency

in the stratified region above the mixed layer. The Brunt—V~ is~ l~ frequency,

V 

N = / T ~~ (2)

is .4 c.p .h. (7 ( lO~~ sec ’) and is nearly constant for all the profiles

taken over the center of the Hatteras Abyssal Plain. By continuity of mass

the reduced gravitational acceleration for the mixed layer is given by

g g ~~~~=~~~N2h. (3)

Neglecting the stratification above the interface , the celerity of a long

wave on the interface is

c~~~ V~ ”i~, (4)

about 2.5 cm/sec for the typ ical penetration height of 50 meters. An

internal Froude number , F, can be defined for the bottom—mixed layer ,

c.f. Turner (1973, p. 12):

F = U / c  (5)

Using (3) and the ratio of penetration height to velocity we find F “~ 1. 7.

______ ~~~~~~V _~~
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Turbulent Ekman layer and stratified Ekman layer models. Theories for

the bottom boundary layer have considered the effects of rotation alone and

in combination with the stabilizing effect of the sharp interface formed

by entrainment of the stratified fluid above. We will now review these

theories for the bottom boundary layer , limiting the review primaril y to

those theories for a flat bottom.

Can the bottom mixed layer be treated as a classical turbulent Ekman

layer? Such a treatment has been suggested by Wimbush and Munk (1971) and

Weatherl y (1972 , 1975). The experiments of Caldwell, Van Atta , and Helland

V (1972) and Howroyd and Slawson (1975) give the height of the turbulent

Ekman layer , h , as
e

h = .4— ~~. (6)

(For the experiments of Caldwell et al. h
e 
I 5~~ , the height at which

the velocity is 99% of the geostrophic velocity; for the experiments of

Howroyd and Slawson lt is defined as the height at which the velocity is

parallel to the geostrophic velocity.) Biscaye and Eittreim (1974) report

that photographs on the Hatteras Abyasal Plain display a monotonous , flat ,

mud bottom showing only some “lebenspuren” with relief of about 1 cm. With

the Coriolis parameter f = 7 X l0~~ sec ’ and the friction velocity u
~

for a smooth bottom given by

u
~ 

(1/30)IJ , (c.f. Csanady ,  1967) (7)

the Ekman layer height to velocity ratio is

h
-~~~ ‘t, 2 x lO~ sec. (8)

Using the emp irical result  of (1) , we see the penetration height of the

mixed layer is about six times the turbulent Ekman layer height. The

Ekman layer can thus constitute only the lower sixth of the well—mixed

reg ion of the bottom boundary layer. For the typical velocity of 4 cm sec t

the Ekman height is only 8 meters.

The effects of unsteadiness are discussed by Wimb ush and Hunk ( 1971) who

note the time scale for the entire Ekman layer is 2~T/f; therefore those

features of the boundary layer, in particular the logarithmic layer , with

time scales very much less than 2~t/f can be approximated by steady—sta te

theory. As suggested by Hunk , Snodgras s and Wimbu sh (1970),  the simp lest

IiL VV ~ ~~~V V ~~~~~ _ V ~V~VV• V V _VV~ ~~~~~~~~~~ ~V V~~~ZL~~ VV V~T2
_ _ _  VV-

~~
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procedure  is to reinterpret the turbulent Ekman height (6) with u
~ 

de-

pen dent on the  louol  mean c u r r e n t .  Even if u~ were dependent  on the

maximum value of the velocity, the Ekman layer height given by (8) would be

larger by at most 6 m since the most energetic inertial or tidal velocities

are ~ 3 cm/sec.

We must also be caut ious about using an Ekman layer to model even the

lower portion of the bottom boundary layer on a slope of only one in a hun—

dred. Then an advect ive  term , say v ~~~~~ in the mean value equat ions  of

m o t i o n , will  scale in the  Ekaan layer l ike UU 2 /h e~ where 0 is the slope. 
V

The Rossby number in the turbulent Ekman layer can then be found using (6)

and (7). It is of order 1020. The Rossby number is therefore of order

unity for a slope of only 10 2 ; inerti.il effects then must be included in

a model of this layer. Nonetheless, the vertical length scale defined by

(7) is probably still important. It is the length scale for which the

Rossby number of the most energetic bottom generated turbulence is of order

unity. At this length scale the effects of rotation will be felt by the

largest turbulent “eddies”.

A model , of the bottom boundary layer , combining the effects of strat-

ification and rotation has been proposed by Thompson (1973). This is a slab

V model of the homogeneous well—mixed region , with the penetration height

given by a bulk Richardson number closure assumption based on the height of

the layer and jumps across the sharp interface of density and velocity.

The velocity difference is that between the geostrophic velocity above and

the mean velocity it the layer. This bulk Richardson number closure is

also used by Pollard , Rhines and Thompson (1973) to whom Thompson refers
V 

for a detailed explanation. The penetration height of 8 meters , for

u 5 cm sec t , as suggested by Thompson Is much too small.

Csanady (1974) finds the parameterization of interfacial stability , used

by Pollard et al. (1973) and Thompson (1973), unattractive because the

control of the mixed layer depth may be independent of the mechanism that

maintains the stability of the interface. Csanady suggests that a limit to

entrainment is set by the turbulent length and velocity scales in the

mixed layer and the density difference across the interface. This asymp-

totic limit for the entrainmen t is deduced from the experiments of Kato

and Phillips (1969). The limit used by Csanady is given by

500 (9)

where g Is the reduced gravitat ional  acceleration at the  i n t e r f a c e ,
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h is the layer thickness , and u
* 

is the friction velocity or turbulent

velocity scale. We note however that with u~,
2 lO~~ U

2
, used by Csanad y,

equation 9 Is equivalent to a Froude number closure of F = 1.4 , not ve ry

different from the value chosen by Pollard et al. (1973) of unity or the

emp irical  result  foun d here of F ~u 1.7. The existence of an asymptotic

entrainment limit , such as expressed by (9) above and used by Csanady ,  is

certainly not established and must be questioned in light of the experiments

of Turner (1973, p. 291) in which no tendency towards a limit is actuall y

observed.

Effects of convection . The e f f e c t s  of convection due to geothermal heat

flux on the ocean bottom have been estimated using the MonIn—Obukov length ,

L
M~ 

by Wimbush and Munk (1971). With a geothermal heat flux

H = 1.5 < 10 6 cal cm 2 sec ’ and u~ 
= .1 cm sec t , LM 

= _ lO 2 m. This

scaling must however be approached with some caution since the dimensional

argument used to derive the Monin—Obukov length contains neither the effects

of the smaller length scale, h
e 

Ku
~

/f , due to rotation , nor the exis-

tence of a well—mixed layer bounded by an interface.

We note also that the time required to raise the temperature of a well—

mixed layer 50 m in height by 1 m’C due to geothermal heating a%onr. is V

about 40 days. Temperature variability due to the mesoscale variation on

a time scale of 40 days can be as large as 40 m’C.

One might argue that convection due to th e variability of 25 m°C of the

background temperature gradient moving acrosc a cons ant temperature bottom

might create the 50 m thick layers by penetrative convec~ ion into the

ambient .~~ 

— 
V ± V .~~ . However such convection due to a constant

- L~ dtpe ra ture  ~~~ vary ing temp er a t u r e due to advection of the mixed

layer by mesoscale motions will also fail to explain the unusually large

penetrative heights of the mixed layers because of the short diffusive

length scale and hence small heat content within the sediments , over the

time scale of the eddy. The available maximum temperature contrast due to

V variability of the background temperature field will only penetrate the

sediments to a depth scale L % or about 50 cm in 20 days. Indeed a 
V

V 

small depth compared with a typical layer depth of 50 m. The signatures of

the profiles also do not support such an argument.

Differential advection. We can estimate the slope of the interface that

would be associated with any differential advection within the mixed layer 
V 

V

and above the bottom Ekman layer , assuming such differential advection is a

gostrophic flow and no interfacial stress exists. A change in height of the

interface , on the order of the mixed—layer depth , h , will then  occur over

V V4

L?rVA VE_ V V_ , V~~~V . _ _ V _ V ~ V _~~~~V __V
~~~

_
~
_ V _ V V  

~~_ . _
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a d i S t V lf l c C , x , g iven by

x~~~~~~ . (10)

V 
V If t h e  assume d d i f f e r e n t i a l  velocity is only one tenth the geostrophic

v e l o c i t y ,  U .  we can use t yp ical va lues  c = — 2 . 5  cm sec t , h 50 m ,

U = 4 cm s~V C and f ind  x V~ 2 km and h / x  ‘. 1/SO. Variations over this

short a length scale were not observed , and we conclu de tha t  arty geostrophic

d i r f e r en r i a l  ve loc i ty  above the  Ekman layer must be slower thun about

.4 cm sec t .

Some p r e l i m i n a r y  thoughts  on modeling the  bot tom boundary layer .  The

t r e atment , of t he ent rainm en t by t u r b u lence at an interface in terms of

e s t i mated t u r b u l e n c e  v e l o c i t y  and length scales at the i n t e r f a c e  ( c . f . Tur-

ner , 1973 , chap. 9) is attractive. The idea is particularl y attractive if

a strong feedback mechanism exists between the entrainment mechanism and

the generbt ion mechanism for the turbulence . it is useful therefore to ex-

plore the possibility of characterizing the turbulence in the well—mixed

region of the bottom boundary layer and testing the feasibility of estab-

lishing either an entrainment velocity that is small but finite , or even a

hard entrainment limit based on the turbulence reaching the interface.

The well—mixed region of the bottom boundary layer has been shown to con-

sist of a lower part , about one sixth the total height , which can be modeled

as a turbulent Ekman layer. The turbulence level in a turbulent Ekman

layer has been measured in the experiments of Howroyd and Slawson (1975)

and Caidwell et al. (1972). But what of the turbulence above the height of

the Ekman layer and below the interface? Here the experiments of Howroyd

and lawson indicated that the turbulence velocity fluctuations approach a

nearly constant value of u ~ .025 U; Tatro and Mollo—Christensen (1967)

and more recently Ingram (1971) have reported similar results. Some con-

troversy regarding these experiments has been pointed out by Cerasoli

(1975). Tatro and Mollo—Christensen attribute the dominant frequency of

the fluctuations , which is just less than the inertial frequency, f , to

inertial oscillations in the interior region. They suggest that an in-

stability in the Ekman boundary layer , which always has a frequency higher

than the inertial frequency, can excite a first subharmonic with less than

the inertial frequency, and the resulting inertial wave is found to pro-

pagate throughout the region above the Ekma n layer .  It should be noted

that in a turbulent Ekman layer the largest turbulent fluctuations may also

have the correct velocity and length scales to excite radiating inertial

A~L~~~~~~~~VV ~~~~~~~~~~~~~~ VV V V. V V V V~~~~~~~~~~~~~~~~~~~V V VV V V._VV~~~V .VVV



160

U
* \

V w av es .  With a turbulence t requency. = 0 -j-— ) V l l t d  t h e  RV ngt  h

h 0 , t h ~ turbul ence frequency is given by V S  = 0(f); 1I ~ tur—

bu1 eltc~ V e  ould thus esejte inert al waves and it will become diffi cul t to

distinguish between such waves ar~ t rue turbulence.
V 

Wit h , as yet , so little known about the fluctuations which may occur in

the mixed region above the turbulent Ekman height , it is perhaps premature

to attempt to characterize an entrainment limit. Perhaps it would be r~ore

appropriate to characterize the stability of tite radiated inertial w.t

Nonci b less , if the fluctuations ( e i t h e r  t u r b u l e n t  or r a d i a t e d )  sca le  w i t h

and their vertical length scales with It , the Ekman hei ght , then the

value of the turbulent Richardson number , Ri ’, (c.f. Turner , 1973 , p. 291)

g~h
(11)

u
*

that corresponds to the observed empirical bulk Richardson number of
V Ri L .4, is Ri % 70. Turner (1973, fig. 9.3) finds that for this tur—

bulent Richardson number the entrainment velocity has decreased to about

5 5 10 1 times the unstratified entrainment velocity. Perhaps entrainment

just matches the rate at which the mixed layer interface is eroded . We

believe the erosion mechanism is likel y to be internal waves ~aking at

the interface , a region of higher relative Brun i—Vi isdlti f r e q V i v

The instability of the bottom well—mixed region to the for ’atioti ot roll

waves; a possible mechanism controlling the penetration heig)tt of rhe well—

mixed layer. The immediate purpose of the arguments to be presented below
V 

is to suggest a possible mechanism by which a limiting vertical penetration

height may be established. The appeal of the mechanism is that it does not

depend on a detailed understanding of the entrainment and mixing mechanisms

within the well—mixed layer; it was shown in the previous section that the

details of this mixing are somewhat elusive. We are strongly attracted by

the emp irical correlation which y ielded the result that the internal

Froude number of the bottom boundary layer , F ~ ‘ 1.7. What kind of mechan—

isa has an internal Froude number with a limiting critical value given by

F ‘u 1.7?

We suggest that the mechanism may be the instability of the mean flow , in

the well—mixed layer , to the formation of intermittent surges or roll waves.

Such roll waves have been known for many years to occur in open channel

flows on supercritical slopes; a classic picture of them can be found in

the book of Cornish (1934). [See also Dressier (1949) and Stoker (1957,
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p. 465) for the same photograp h.] Roll waves or i n t e r m i t t e n t  su rges  f o rm

when the Froude number of the flow is sufficientl y supercritica l that the

balance between slope , or pressure gradient , and friction is no longer

s t ab l e ;  the  c r i t i c a l  Froude number  for  formation is F = 2 when the Chezy

- ‘ 
resistance law is assumed and F = 1.5 if the Manning formula is used (c.f.

Lighthill and Whitham , 1955). Anal y ses of roll waves can also be found in

man y t e x t s , fo r  examp le Stoker  (1957 , p. 466) and Whi t ham ( 1974 , p. 85).

All of the  analyses  closel y fo l low the  original  of Dressler  (1949 , 1952).
We tentativel y picture the growth of the bottom well—mixed region pro-

cee ding as fol lows : The layer  f i r s t  grows to the Ekman layer he igh t  by

normal turbulent mixing generated at the bottom . The internal Froude num-

ber of the well—mixed layer is given , using (3), (4) and (5) by

F =  1~I ~~~~ . 

V 

( 12)

At the penetration height of the Ekman layer , h is small , approximately

one s ix th  of the f ina l  pene t ra t ion  height observed; yet  above the Ekman
layer height the velocity must always approach the geostrophic velocity.

The re f o r e , t he in t e rna l  Froude number is large , F ‘~ 10. As long as the

internal Froude number of the layer is larger than the c r i t i c a l  value fo r

the formation of roll waves , these intermittent surges or bores form. The

bores have mixing associated with them which continues until the mixed

layer is deepened s u f f i c i e n t ly that  the internal  Froude number is j u s t  less

than the critical vaLue for the formation of the roll waves.
V 

Although the instability of the mean flow to the formation of rol l  waves

is a candidate for the mechanism which controls the unusually large pene-

tration height of the bottom boundary layer , the instability does not pro-

vide an explanation for how a once—formed layer may decrease in height when

the geostrophic velocity gradually decreases. The mechanism of roll wave

formation only provid es an ex p lan a t ion as t h e  velo ci t y in creases or

remains cons t an t .  We note however tha t  any i n t e r f ac e formed at t he bo t tom

of the ocean wi ll be a reg ion of r e l at i v e ly high Br u n t — V ~ is~ l~ f r equency .

It is at such regions of high relative Brunt—V~is~ lti frequency that internal

waves will break; c.f. Turner (1973, p. 120) for a discussion of shear in-

stability produced by internal waves at interfaces. The breaking of

internal waves at the interface is an eroding mechanism which may always

be present.
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We have reviewed a number of existing models for the bottom boundary

layer and find that none predict the large penetration height of the well—

mixed region. This region extends about six times the height of what is

considered to be a typ ical turbulent Ekman layer height. Because of the

large penetration height , differential advection between the mixed layer

and the water immediately above must be small; the layer is , we believe ,

advected over the flat Hatteras Abyssal Plain with the mesoscale motions.

We have outlined how one might model mixing and entrainment in the homo—
V 

geneous layer; unfortunatel y we find that too little is known about the

structure of turbulence above a turbulent Ekman layer for us to complete

such a model. The correlation of penetration height with velocity has

allowed us to estimate , knowing the Brunt—V~is~ 1~ frequency of the strati-

fication which was mixed to form the bottom layer , the value of the internal

Froude number of this layer: F 1.7. This value suggests that the pene-

tration height may be controlled by the instability of the mean flow, in

the bottom mixed layer , to the formation of roll waves or intermittent

V 
su rges.
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