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Flow Structures of the Benthic Ocean

LAURENCE ARMI AND ERIC D’ASARO

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543

Three-dimensional structure of the near-bottom de

nsity field was observed with a towed yo-yoing pro-

filer and a fixed current/temperature measuring array on the Hatteras abyssal plain. A great variety of
structures were seen. Immediately above the bottom a well-mixed bottom layer extends vertically 5-60
m, with le§s than | me potential temperature change. This mixed layer is often capped by a region of
strong vertical potential temperature gradient, with up to 100-m°C potential temperature change in ~10
m. The bounda{y layer may be uniform for 10 km or exhibit a bottom temperature gradient of up to 20
m°C/km. Interior layers of nearly constant potential temperature and horizontal extent of 2-100 km
are seen ~25% of the time above the bottom mixed layer. When an interior layer is present, the bottom
mixed layer is thinner. On many occasions an interior layer was seen to be horizontally continuous with
the bom?m mixed layer, suggesting formation of interior layers by detachment of the bottom mixed layer.
A benthic frpnt was observed. Differential horizontal advection is required to explain the observed struc-
tures. Velocity fluctuations above | cph increase in energy near the bottom, presumably a signature of
turbulence in the mixed layer; these fluctuations are modulated by the passage of structures observed in

the moored record.

1. INTRODUCTION

The benthic boundary layer is a region adjacent to the
ocean bottom with characteristics distinct from the oceanic in-
terior. Near the bottom it is turbulent, and the resultant mix-
ing is seen as a bottom layer homogeneous in salinity and po-
tential temperature [Armi and Millard, 1976; Eittreim et al.,
1975; Greenewalt and Gordon, 1978; Pak and Zaneveld, 1977:
Weatherly and Niiler, 1974; Wimbush and Munk, 1970]. This
layer is the benthic analog of the atmospheric boundary layer
and may be similar to the oceanic surface mixed layer. This
paper reports on the three-dimensional structure of the near-
bottom density field as observed with a towed yo-yoing pro-
filer and a fixed current/temperature measuring array.

In a previous study, Armi and Millard [1976] described
boundary layer density profiles taken in the western North
Atlantic as part of the Mid-Ocean Dynamics Experiment
(Mode). They found that simple mixed layers generally oc-
curred over the Hatteras abyssal plain, while irregular struc-
tures, commonly with multiple layers, occurred near rough to-
pography. In a short time series at the edge of the plain they
observed a doubling of the mixed layer height in less than a
day. The Hatteras abyssal plain was chosen for the location of
the intensive benthic boundary layer experiment described
here both because of the previously observed simple structures
and because the interior flow in this area has been extensively
studied [cf. Mode Group, 1978; Briscoe, 1975].

Sections 2 and 3 describe the experiment and the data cali-
bration and display. A detailed discussion of the observations
follows in section 4, which is summarized in section 5. Section
6 discusses these results.

2. DESCRIPTION OF THE EXPERIMENT

This experiment was designed to measure the density and
velocity structure in both space and time near the ocean bot-
tom. A 3-month time series, May 18, 1977, to August 18, 1977,
of velocity and temperature was measured by two bottom
morrings (Figure 1) deployed near 28°30’'N, 70°30'W by the
Moored Array Project of the Woods Hole Oceanographic In-
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stitution (WHOI). The Hatteras abyssal plain is extremely flat
with a slope of only 20 cm/km over hundreds of kilometers
[Bush, 1976]. Mooring A (WHOI 621) contained vector-aver-
aging current meters spaced so as to span the mixed layers
seen by Armi and Millard [1976]. Note that instruments | and
2 are separated by 20 m, while the other instruments are sepa-
rated by 10 m. Each instrument recorded vector average ve-
ocity and average temperature every 74 min. In addition, the
bottom six instruments measured the average differential tem-
perature between the top and the bottom of the instrument
case (1.74 m), as described by Dean [1979]. Mooring B
(WHOI 622), 4.3 km to the east, contained a single vector-av-
eraging current meter measuring average velocity and temper-
ature every 73 min.

Three spatial surveys of the boundary layer were made:
The first was made on cruise Knorr 66 and the second two
on cruise Oceanus 31. Station positions are shown in Figure 2.
Moorings A and B and a third bottom-moored beacon, C,
formed an acoustic navigation net [Phillips et al., 1979].
By using acoustic navigation the ship and an instrument pack-
age could be located to within 10 m with respect to the moor-
ings. Loran C was also used and provided navigational data
outside the acoustic range.

A photograph of the instrument package and a preliminary
description of these experimental results can be found in the
paper by Armi [1978b]. A Neil Brown conductivity, temper-
ature, and depth profiler (CTD); a nephelometer built at the
Woods Hole Oceanographic Institution; a General Oceanics
rosette water sampler; an acoustic transponder (AMF acoustic
release); and a Benthos pinger were enclosed in a protective
frame which was lowered from the ship. The bottom pinger
and a precision depth recorder were used to bring the in-
struments to within 2 m of the bottom. Actual bottom pres-
sure was determined by occasionally setting the instrument
package gently on the bottom. The bottom pressure was al-
ways 5555 dbar. The CTD and nephelometer data were avail-
able in real time on the ship. On some stations a string of Nis-
kin bottles and a Thorndike nephelometer [Thorndike, 1975]
were attached to the wire. The Niskin bottom water samples
were analyzed for radon 222 and particulate matter concen-
trate. Results of the Thorndike nephelometer, particulate mat-
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Fig. 1. Mooring diagram for the benthic boundary layer experi-

ment. All vector-averaging current meters (VACM) measure vector
mean current and temperature. Differential temperature VACM’s
(DT-VACM) also measure temperature differences between the top
and the bottom of the 1.74-m instrument case. The acoustic releases
contain transponders and in conjunction with a third transponder,
beacon C (not shown), formed an acoustic navigation net.

ter concentration, and radon measurements will be reported
elsewhere by P. E. Biscaye and J. L. Sarmiento.

3. DATA CALIBRATION, PROCESSING, AND DISPLAY

Conductivity, temperature, depth profiler. This instrument
was calibrated as described by Fofonoff et al. [1974]. CTD

D’ASARO: FLOW STRUCTURES OF THE BENTHIC OCEAN

data were edited by rejecting up t0 0.33 s worth of data i,
forward first difference of pressure Or lemperature was |y,
At a typical near-bottom Iqwenng speed of 30 m/mip, oty
spikes associated with a vertical scale smaller than 16 cp y,,
rejected. Only CTD downtraces were used. Uptraces ye,
found to be consistently colder and (o contain numerous p,
perature inversions presumably caused by the wake of the i
strument package. A few downtraces were similarly coptapy;. |
nated, principally in towed stations. Differen rp |
instruments were used on each of the two cruises, Knor ¢
and Oceanus 31.

Historically, the deepwater potential temperature/salini
relation in this region is exact within measurement ey
[Worthington and Metcalf, 1961; Mode-1 Atlas Group, 197
No deviation from a constant relationship was found in
CTD data. If salinity is considered a function of poteni
temperature, it can be predicted about 10 times more acc.
rately than it can be measured by the CTD. Therefore pots-
tial temperature alone can measure density at least as accs-
rately as can potential temperature and salinity. Thus only
potential temperature relative to the ocean surface, computed
as described by Fofonoff [1977], will be displayed. By usiny
the Worthington and Metcalf [1961] potential temperature/s-
linity relationship, potential density changes referenced 10 |
5500 dbars are related to potential temperature changes by |
g(Ap/p) = —0.10A4.

Vector-averaging current meters (VACM). The instruments
used in this experiment have a Savonius rotor and a vane (o
measure the horizontal current [McCullough, 1975]. The rotors
from VACM’s 2-7 on mooring A were individually calibrated
after the experiment in a flume at the Woods Hole Ocear-
ogrpahic Institution. A mean stall speed of 1.3 cm/s was
found (J. Dean, personal communication, 1979). The est-
mated speed calibration error is +0.2 cm/s. In data process
ing, rotor stalls were assigned a speed of zero rather than the
usual 2.0 cm/s. Bryden [1976] estimates an rms instrumentzl
direction bias of about 2° for the VACM.

The measured VACM temperature variations have a preci
sion of better than a millidegree (21 m°C). The absolute ten
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Fig. 4. Paths of Oceanus 31 towed CTD yo-yo stations 38 and
43, as determined by acoustic navigation, annotated with time and
distance along track. The positions of moorings A and B and beacon

C are shown.

perature calibrations, however, have an accuracy of about 5-
10 m°C [Payne et al., 1976]. The VACM temperatures have
been calibrated in situ as follows: CTD measurements of the
bottom mixed layer reveal it to be almost always homoge-
neous in potential temperature to within 1 m°C. Whenever a
given instrument showed a constant differential temperature,
it was assumed to be in a mixed layer. Whenever two adjacent
instruments were in a mixed layer, they were assumed to be
measuring the same potential temperature. Over a period of
3-4 years, VACM 5 has had a low-temperature calibration
drift of 1 m°C/yr (R. E. Payne, personal communication,
1979). The temperature measured by VACM 5 was used as a
reference. For example, on July 30, instruments 5-7 were in a
mixed layer; thus the temperatures of VACM’s 7 and 6 were
shifted until they agreed with VACM 5. In addition, in-
strument pairs that showed temperature inversions greater
than 0.5 m°C for longer than 40 min were shifted to remove
the inversion. There were sufficient mixed layers, some de-
tached from the bottom, to provide a consistent potential tem-
perature calibration for all the VACM’s on mooring A. For
the deeper instruments, enough mixed layers were present to
determine both an offset and a drift. The rms magnitude of
the offsets relative to instrument 5 was 11 m°C. The maxi-
mum drift was 7 m°C over the 3-month duration of the exper-

iment.
Several CTD stations were made within 50 m of mooring A.
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Fig. Sa. Section of boundary layer along tow path, 0-13 km, for Oceanus 31, station 38. The t';:;p pan:’:‘l ::l;:v;h ‘Z-Il:‘ :
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The middle panel shows mixed layer potential temperature. The bottom panel shows nephels wi mTh e
tom, from 0 to 7.5 km along the tow path. (The nephelometer battery was exhausted beyond 7.5 km.) The
scale corresponds to the annotation on the tow path shown in Figure 4.

These stations were used to calibrate absolutely the VACM
temperatures to the CTD potential temperatures. For the up-
per instruments the CTD stations were also used in the rela-
tive temperature calibration. The final VACM potential tem-
peratures are | m°C colder than the CTD potential
temperatures for the first CTD survey and 1 m°®C warmer for
the second and third. Mooring B was calibrated to be consis-
tent with mooring A and nearby CTD measurements. The
calibrated potential temperatures from the seven VACM’s of
mooring A and the two CTD’s should be consistent with each
other to within 2 m°C.

Nephelometer. This instrument (nephelo is the Greek
word for cloud), designed and built at Woods Hole Ocean-
ograhic Institution, was interfaced with the CTD system.
White light forward scattering (20°-40°) was measured and
recorded along with the other CTD variables. Unlike the
CTD, the nephelometer light source was battery powered and
limited to ~8 hours of continuous operation. The raw neph-
elometer signal contains numerous spikes presumably due to
the existence of isolated large particles. The largest spikes are
often 10 times larger than the standard deviation of the
nearby values. Although they are infrequent, these large
spikes dominate running averages of the raw data. A 0.33-s
average of the raw nephelometer data, excluding large spikes,
is called ‘nephels’ in this paper. The values produced in this
way are not sensitive to the exact definition of ‘spike’ once the

biggest spikes have been removed and can be used to distin-
guish differences between water parcels. The abso!ulc values
generated vary between stations because of a small mstmmﬂl
tal drift. In relation to the midwater nephels minimum [Bis-
caye and Eittreim, 1977), however, the nephels values are
stable. The 3000-dbar nephels value was used as a zero for
each station, eliminating the small instrumental drift.

Lagrangian maps. Three CTD surveys near the moored
array were made to infer the spatial structure of the boundm
layer. However, for many station pairs the spatial separation
was of the same order as the displacement of the water by the
measured currents during the time between the stations. TO
simulate a purely spatial survey, each CTD profile was dis-
placed horizontally to the estimated position of the boundary
layer at the reference time. This is equivalent to creating 2
Lagrangian map of the boundary layer from a series of Eu-
lerian measurements at different times. This technique dis-
plays the moored time series of potential temperature as
spatial section on the Lagrangian map. Implicit in this scheme
is the assumption that the boundary layer does not change sig”
nificantly over the time of the survey. The survey results ar¢
presented on Lagrangian maps, and the validity of this ap-
proach is discussed in section 6.

Two of the surveys (Knorr 66, stations 7-15, and Oceanus
31, stations 2-13) occurred during periods of relatively constant
velocity. A single time dependent, uniform velocity field was
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Fig. 5b. Continuation of Oceanus 3 1, station 38 section, 13-32 km.

used to create the Lagrangian maps for these surveys. During
a third survey (Oceanus 31, stations 38-47) the measured ac-
celeration and horizontal shear were significant. A time de-
pendent, inhomogeneous, nondivergent velocity field was
used to create the Lagrangian map for this last survey (Figure
7). Since the velocity field was estimated from only two moor-
ings, it contains errors, and the effects of these errors on re-
sultant positions were estimated by varying east/west shears
by£5x 105", The uncertainty in the Lagrangian positions
vanis for each station, depending primarily on the magnitude
of the displacement from its Eulerian position. For the
moored data and most of the profiler data the error in relative
positions between adjacent stations is less than 2 km. For sta-
tions 45 and 46 the error in relative Lagrangian positions may
be as large as 5 km. The largest absolute Lagrangian position
ermor is less than 10 km at the extremities of the Lagrangian

map,
4. OBSERVATIONS

The structure and velocity field of the benthic ocean over
the Hatteras abyssal plain are described below. Detailed spa-
tial observations made primarily with the towed yo-yoing pro-
filer are described first. These data have also been combined
with Eulerian observations of velocity and temperature, dur-
ing the same time period, to create a description in a Lagr-
ingian reference frame. The 3-month-long Eulerian observa-
tions are then described. This section is concluded with spatial
observations from two additional surveys.

Detailed Spatial Structure

A detailed spatial survey of the boundary layer at}d the wa-
% column immediately above it was made during cruise

Oceanus 31 on August 14-17, 1977. Bottom mixed layers, inte-
rior layers, and bottom temperature patchiness on scales up to
~20 km were observed.

Bottom mixed layers. Figure 3 shows profiles of potential
temperature, salinity, and nephels for the first downtrace of
station 38. This is a typical boundary layer profile, exhibiting
a 24-dbar-thick (~24-m) mixed layer, with constant potential
temperature, salinity, and nephels; the layer is capped by a 15-
dbar-thick lid through which potential temperature, salinity,
and nephels vary rapidly. The mixed layer is colder and more
turbid (higher nephels) than the overlying water. Above the
mixed layer the nephels gradient is small.

Station 38 was a towed yo-yo station with 145 repeated pro-
files of the boundary layer along the acoustically navigated
tow path shown in Figure 4. (the Lagrangian tow path is
shown in Figure 7.) Figures 5a and 5b display the potential
temperature and nephels data along this path. The top panel
shows isotherms of potential temperature formed by con-
necting with straight lines common potential temperatures
from individual profiler downtraces. Although the isotherm
section extends 500 dbar above the bottom, most of the yo-yos
end within 150 dbar of the bottom. The area close to the bot-
tom is more densely sampled, as can be seen in the more de-
tailed structure of the isotherms near the bottom. The very
smooth variation of the isotherms in the upper few hundred
decibars is due to the small number of mesaurements there.
The middle panel shows the bottom potential temperature.
The bottom panel shows all nephels values within 100 dbar of
the bottom, plotted along the tow path. The upper group of
points corresponds to mixed layer nephels, while }hc separa-
tion between the two groups corresponds to the difference in
nephels between the interior and the mixed layer.
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Fig. 6a. Section of boundary layer for Oceanus 31, sta.tion 43. Re-
fer to Figure 5a for details. Note the interior lenticular region of weak

stratification at the beginning of the section between 5300 and 5450
dbar.

The tow path for station 38 (Figure 4) is roughly a figure
eight. If advection by the measured current is removed, the
profiles at 5.5 km (1800 August 14, 1977), 21.5 km (0700 Au-
gust 15, 1977), and 32 km (1548 August 15, 1977) occur within
1 km of the same piece of boundary layer. (Refer ahead to the
Lagrangian map (Figure 7).) The density structure is nearly
identical at each of these points and for several kilometers
around each point, as is illustrated in F igures 5a and 5b. More
than half the length of the section was spent in three visits to
this patch of nearly constant mixed layer characteristics.
Within the patch the mixed layer potential temperature fluc-
tuates 1 m°C about § = 1.589°C: the mixed layer height fluc-
tuates 5 dbar about 25 dbar. The mixed layer nephels and the
nephels change across the mixed layer top remain constant.
The region of large temperature gradient immediately above
the mixed layer extends from § = 1.600°C to § = 1.620°C
throughout the patch; the detailed small-scale structure of this
lemperature step varies within the patch.

The southeast and northwest sections of the tow path are
not in the central patch. The southeast section,

j extending
from 12 to 15 km, is colder and shallower, The mixed layer
has a constant potential temperature § = 1.591°C + | m°C

and a height of 17 + 4 dbar. This suggests the existence of an-
other patch of uniform mixed layer to the southeast of the

* OCEAN
w STRUCTURES OF THE BENTHIC OC

the mixed layer is cooler, the tempe;.
i pal;h;‘:alllll:u lg: the northwest section _of the tow path
iy St:p a short piece of warmer and slightly shallow
26‘—23 lm‘er is observed. The sections of Figunf Sa and 5
n;::: foz:n)n,' regions of significant ‘mixed l&yct.honzon.uj e
; rature gradient. In these ponwnul .gndxen! regions the
o d layer appears to be vertically stratified, as lf.lbc wame
mgx:d layer is overriding the cooler. The two gradient regions
n:xeither side of the 180° turn in tl_le tow path at 27.5 tm‘m
:)emarkabl)’ symmetric. O_n both sides the § = l.600°§ (S
therm occurs at a sharpening of the temperature u:p otice
also the jump in mixed layer height at 15 km, which is coher.
i 0 dbar.
en;:elrltrleca(’lzy g?.:pll:ys potential temperature and nephels for
stat;ﬁns 43, also an acouslically'nlvigncd towed yo-yo
station, begun 31 hours after station 38. Tbe tow p‘m s
shown in Figure 4. (The Lagrangian tow path is shown in Fig-
ure 7.) For the first few kilomet.en along the ww Puh.r the
mixed layer temperature aqd height are characteristic of the
main patch seen also in station 38. However, the mnpen_:::
step is both larger and thicker, and the nephels value wi
er is higher. 8
thelrl:eyrior Iayfr. At station 43 (Figure §a) the stratification in
the entire 60 m above the mixed layer 18 much stronger than
that at station 38 or in the deep water in gcnenL From 53@
to 5450 dbar there is also a lenticular region oli vuk strati
fication. The isotherms appear to bow around this interior re-
ion, both above and below. '
X Figure 6b shows all the nephelometer profiles fm station
43 which extend above 5300 dbar. Three selected isotherms
from Figure 6a are included to show the boundary of the le-
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Fig. 6b. Nephels profiles from Oceanus 31. station 43. Only P
files extending above 5300 dbar are shown. The reference line fof
each profile corresponds with position along the tow track and '“h'
nephels value of 44. Three potential temperature isotherms from Fig
ure 6a are shown to mark the boundary of the interior lenticular ©
gion and the top of the mixed layer. Vertical and horizontal ’ablpwm
the same as those used in Figure 6a. Note that the midwater
maximum is associated with the interior lenticular region.
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ugxlar region and the top of the mixed layer. As usual, the
n.nxc(.! layer is a nephels maximum. The high-stratification re-
gion immediately above the mixed layer is characterized by
low nephels, while the lens of weak stratification has higher
pcphels. The water column is made of several distinct pieces;
it could not have been formed by wave straining of a single
Wwater type. Since there is a local minimum in nephels immedi-
alely above the mixed layer, the lenticular structure could also
not have been created by vertical mixing from the bottom but
must have involved the horizontal intrusion of water with dif-
ferent nephels. The higher nephels and weak stratification of
the lenticular region suggest that it may be a former mixed
layer which has detached from the bottom. Further examples
of this will be seen below.

The depression of the deeper isotherms around the high-
nephels intrusion results in a marked shallowing of the mixed
layer at about 2 km along the tow path. This is accompanied
by a warming of the mixed layer and an increase in the mixed
layer nephels. As occurs in station 38, the mixed layer in the
region of horizontal temperature gradient is slightly stratified.
At4 km the deep isotherms begin to rise again, and the mixed
layer deepens. The end of the tow seems to show a new patch
of mixed layer almost 45 dbar thick with a temperature of
round @ = 1.602°C. The low-stability intrusion and the asso-
Cl}}ed nephels maximum have disappeared, but the high-sta-
b"‘_‘)’ region above the mixed layer remains. Note that the in-
lerior layer appears to have a strong influence on the bottom

mixed layer. Further examples of this will also be seen in the
moored data.

Bottom temperature patchiness. Figure 7 combines the 10
CTD stations of this survey and the moored temperature data,
discussed next, into a Lagrangian map of bottom temperature.
(Lagrangian maps are explained in section 3.) The tow paths
of stations 38 and 43, distorted in Lagrangian coordinates, ap-
pear as dashed lines. The moored data fall on the solid line,
and short CTD stations appear as single points. The main
patch of homogeneous mixed layer found at the towed yo-yo
station 38, here identified by its potential temperature, is seen
to extend 10 km north/south and 20 km east/west. Although
it is not shown, the mixed layer height is also constant over
this region. South of the main patch the cold shallow patch
from station 38 and, further east, the warm deep patch from
station 43 are observed. To the east and north of the main
patch the mixed layer is warmer.

A horizontal temperature gradient of 4 m°C/km is seen be-
tween station 39 and the northernmost point of station 38.
The temperature gradient from the four profiles within station
39 is much greater, estimated at 10-20 m°C/km. The largest
gradient seen in stations 38 or 43 is only 2-3 m°C/km. The
horizontal temperature gradient typical of mesoscale eddies at
4000 m is about 0.3 m°C/km [Mode Group, 1978]. Thus the
gradient observed at station 39 is 50 times above the mesos-
cale gradients in this area. Further examples of such temper-
ature gradient regions will be seen in the moored data.
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Eulerian Observations

The entire 3-month record from the instrumented mooring

(Figure 1) is shown in Plate 1.
The top two panels (panels 1 and

locity components, vector average :
min. The zero for each instrument is indicated. Rotor stalls

are shown as horizontal lines at zero velocity. Panel 3 of Hate
| displays the 1-day average velocities as displacement vec-
tors. The origin of each vector gives the height off the bo.ltom
and centered time of the 1-day average. The directional differ-
ence of ~10° clockwise, as observed from above, at the 45jm
level is probably spurious. The 1-day mean velocities, with
only a few exceptions, vary slowly, turning through 270° dur-
ing the 3-month-long record.

The bottom three panels (panels 4-6) of Plate 1 display the
moored temperature data. Panel 4 shows the differential tem-
perature for the bottom six current meters, plotted so that zero
differential temperature corresponds to the height of the in-
strument. The time axis corresponds to the ocean bottom.
Panel 6 shows the seven potential temperature records plotted
on a common scale. This will be referred to as the temperature
plot. Since potential temperature monotonically increases up-
ward, the top trace corresponds to instrument 1, while the bot-
tom trace corresponds to instrument 7. Panel 5 displays the
same potential temperature data linearly interpolated to show
potential temperature isotherms as a function of time and
height off the bottom. This will be referred to as the isotherm
plot. The resolution of temperature is best seen in the temper-
ature plot; however, this plot displays poorly the spatial struc-
ture of the temperature field. Structure is best resolved with
the isotherm plot. Notice that the height scales on panels 3-5
are identical; they may be overlaid. The bottom time axis is
annotated with the times of CTD stations.

Although variations observed at the single mooring contain
an .unkpown combination of temporal and advected spatial
vapahlpnly. the variability observed will be interpreted here as
pp.manly an advected signature of existing horizontal varia-
pll!ly. Unlike homogeneous temporal variation, advected var-
iations are not associated with changes in the heat content or
potential energy Qf the fluid. This interpretation will be dis-
cussed more fully in section 6.

Bouom. mixed {ayers. . These are common in Plate 1. They
are seen in lF\e differential temperature plot as a flat trace in
the bottom instruments containing no internal wave or ad-
vected fine structure signals. Mixed layers are seen in the iso-
!herm plot by the rgcrging of temperature lines from adjacent
instruments. The mlxc.d layer heights measured by differential
temperature are consistent with those measured by temper-
:teti:r:lsﬂecause of the finite instrument spa}cing th.e mixed layer

ghts can be resolved only to 10 m, with a minimum mea-
:::::;Ic :’Ielghl of 15 m. The steplike structure seen in the iso-

plot on May 21 and 22, for example, occurs when the
tempcr'aturc changes significantly in less than 10 m.

Armi and Millard [1976], among others, assumed that the

observed boundary layer density structure is form

: % ed only b
vertically mixing the stratified ocean from bel Thi ey
pothesis alone is inadequate to explain th eihine h.y-
structure. On May 22, for example ':1 21;1-1:1 ;_Ogser.ved densn.)
capped by a 80-m°C potential tett;perature sltge ".}l;:?d kil
;u:hre step is equivalent to about 400 m of mixi,;g Olitf\ml;p:;

ere is clearly a mixed layer, but there is no tcmpera%un

2) show north and east ve-
d and recorded every 74
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step at all. These profiles could not be formed purely by verti-
cal mixing but require differential I}omonul advection.

Interior layers. At station 43 (Figure 6a) a low-stability in-
trusion above the bottom mixed layer was observed. Similar
many of nearly constant potential temperature, are
present during about 25% of the moored record Plate 1. The
most prominent interior homogeneous layer extends from
June 17 to 26. With an advective speed of 10 cm/s this layer is
100 km in extent. It is somewhat patchy, is not always well
mixed, and exhibits an 11-m°C temperature change over its
length. Other prominent layers are present on June 5-7 and
May 22-23.

A substantial fraction of mixed layer height variation is as-
sociated with the presence or absence of overlying interior
mixed layers. At station 43 (Figure 6a) the isotherms are ob-
served to bow around the low-stability intrusion, resulting in a
shallower mixed layer beneath the intrusion. This pattern is
also seen in the moored data. For example, the two interior
mixed layers at the beginning and end of June are clearly as-
sociated with shallow bottom mixed layers, while the deeper
mixed layer in mid-June has no observable interior layer
above it. This is seen again on May 25, July 6, and July 14,
Armi and Millard [1976, Figure 4b] present a time series of
CTD stations at the edge of the Hatteras abyssal plain which
also displays this pattern. The first profile shows a 20-m-thick
bottom mixed layer overlaid by a 15-m-thick nearly homoge-
neous interior layer. In subsequent profiles the interior layer
disappears, and the mixed layer deepens.

Detaching bottom layers. Interior layers and bottom layers
are frequently observed in the moored record to merge with
each other (Plate 1). Prominent examples occur on June 28-29
and June 30 to July 2; others are seen on May 24-25, June -
2, June 26 (2 layers), July 3, and July 23-24

A most likely source of mixed fluid for an interior layer is a
bottom mixed layer. Of 16 interior layers present in the
moored record, 6 merge at some point with a bottom layer.
This suggests that interior layers are formed by the intrusion
of fluid along isopycnals from the bottom mixed layer.

Interior layers may either precede or follow in time their re-
spective bottom mixed layer sources, assuming that advected
horizontal variability dominates the Eulerian observations.
Both cases are observed with equal frequency.

Bottom mixed layer thickness and temperature. The distri-
bution of mixed layer thickness from the moored record is
shown in Figure 8. Mixed layers are most commonly about 20
m thick, while mixed layers 40 m thick or thicker occupy only
11% of the record. The distribution of thickness in each of the
thn_:e subperiods shown is similar to the distribution for the
entire record. The distribution of mixed layer height found by
Millard [1974] from 44 CTD stations shows heights only 5-10
m thicker.

The moored instruments measure bottom temperature
whenever the bottommost instrument is in a mixed layer. Fig-
ure 9 shows a histogram of the observed bottom potential
‘Cmpcrature;'(he distribution is quite different in each of the
::l“'ee subperiods. Three months may not be long enough to

casure the temperature distribution accurately, Further-
le!::)r:, hdurmg 40% of the record the mixed layer is shallow
g 8h (<20 m) that the bottom temperature cannot be well

etermined.
LT i boundary by s e e i 65
rvey to have horizontal variability at scales of

layers,
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Fig. 8. Histogram of mixed layer heights from mooring A. A
mixed layer is defined by a potential temperature change between in-
struments and a differential temperature within the layer of less than 1
m°C. Contributions from each of three subperiods are shown.

approximately 10 km. At an advected velocity of approxi-
mately 10 cm/s this horizontal variability translates into a Eu-
lerian temporal variability of 1 day. However, the bottom
temperature of the moored record (Plate 1) varies more irreg-
ularly than the Lagrangian map (Figure 7) would indicate.
The main @ = 1.589°C patch in Figure 7 is seen from August
1410 16 in Plate 1. This is a time of exceptionally small poten-
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Fig. 9. Histogram of mixed layer potential temperatures
m:ns A, deflnser: by the potential temperature at the bouo::;&o:
instrument whenever the mixed layer is thicker than 20 mﬁred =
layer potential temperature, so defined, could not be mzcgsm
40% of the record because mixed layers were smaller than ]
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::::;:eldnp:::uf:z :i".‘l?;ilem' The irregular structures seen in the

y 27 to August 4, for example,
be more representative. Regions of strong mixed la
perature gradient appear, for example,
and July 23.

A large bottom temperature gradient may also occur when
the temperature step above the mixed layer intersects the bot-
tom. This can be seen for May 23 and 24, June 26, June 30,
and August 4-6. In the last case there are several CTD sta-
tions within 5 km, none of which show any shallowing or
warming of the mixed layer (See Fig. 13, which will be dis-
cussed later.) Mooring B shows only a slight warming above
the mixed layer. This feature is thus only a few kilometers in
size.

Benthic front. The temperatures at all levels increase ~50
m°C on June 4 and 5. The upper level instruments then re-
main warmer for several weeks. This sudden warming is asso-
ciated with the arrival at the mooring of an interior layer.
Turning of the mean 1-day velocities (Plate 1, panel 3) with
height above bottom is seen on June 5. On the basis of the
mean advection velocity the slope of the 1.625°C potential
temperature isotherm is ~4 X 1072 (contrast with the mean
thermocline slopes of 2 X 10~* [Katz, 1973]). This appears to
be a benthic front. The velocity difference of ~2 cm/s in the
mean velocities has the correct sense and magnitude for
geostrophic balance. A similar less well resolved frontlike
structure is evident on May 24.

Boundary layer turbulence. Figure 10 shows the spectra of
horizontal kinetic energy from the VACM instruments. These
spectra are similar to those from other measurements in this

seem to
yer tem-
on May 19, June 16,
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Fig. 1la. Lagrangian map of moored and profiler (CTD) data

from 0000 May 18, 1977, to 0000 May 22, 1977. Shading shows bot-
tom potential temperature. The first CTD downtrace for each station
1s shown; scales are indicated on station 12. Positions of the first
downtraces are shown by large pluses, and those of subsequent down-
traces by small pluses. The solid line marks mooring A positions an-
notated at 0000 of each day. Mooring B position is shown by a solid
line whenever the VACM (35 m off bottom) is in the mixed layer. The
reference time for Lagrangian transformation is 1000 May 19, 1977.

The positions of moorings A and B and beacon C are marked for this
time.

area [cf. Briscoe, 1975), showing peaks at the inertial and tidal
frequencies with an approximately f~* shape at higher fre-
quencies. At low frequencies and in the internal wave band
between the inertial and viisali frequencies the spectra of all
instruments are similar. The bottom instrument has less en-
ergy at the inertial frequency but more energy above | cph.
The additional high-frequency energy near the bottom is pre-
sumably a signature of bottom-generated turbulence, respon-
sible for mixing the bottom layer.

This bottom-generated turbulence is not steady but modu-
lated by the passage of some of the structures discussed above.
In fact, the bottom turbulence is observable as a kind of high-
frequency fuzz in the north and east velocity components of
the bottommost instruments in Plate 1, panels 1 and 2. The
m_nplitude of this high-frequency fuzz increases in the deep
mixed layers of May 18-20 and July 26-28 and during the
passage of the benthic front on June 4-5.

Further Observations of Spatial Structure

A CTD survey was made during cruise Knorr 66 on May

17-21, 1977. This survey shows the spatial structure of the ex-
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tended region of bottom temperature gradient at the star of
record.

lhel=?g‘::(:ere‘ljla. a Lagrangian map, show§ moored and CTD
bottom temperatures and the first potential temperature pro-
file of each CTD station. The southern _half of the Lagragun
map, May 20-22 of the moored data, is chancte@d by a
patch of 8= 1.571 °C mixed layer extending lpproxmulsly 20
km downstream and 20 km cross stream. It can be seen in the
moored record (Plate 1) frorn. late on May 20 to the end of
May 22. The mixed layer height varies somewhat around a
mean of 25 m. The temperature step is large, 100 qfc or
more, over less than 10 m. A nearly homogcneous,.m(m
layer of potential temperature 1.675°C can be seen immedi-
ately above the bottom mixed layer, both in the moored fia“
and in CTD stations 13 and 14. The CTD prpﬁles show it to
have a thin, nearly unstratified region immed_mcly above the
mixed layer step, with a gradually steepening temperature
gradient above. .

The northwestern half of the Lagrangian map shows a re-
gion of mixed layer potential temperature gradient. Along the
mean current direction this gradient is about 1.4 m°C/km.
However, the bottom temperature map suggests that the bot-
tom isotherms are nearly parallel to the current. A temper-
ature gradient of 8 m°C/km perpendicular to the current oc-
curs near station 8. Station 15 displays a gradient of 8 m°C/
km between the first and last cast. It appears therefore that a
region of bottom temperature gradient runs diagonally across
the map, intersecting mooring A in a region north of May 19.
A fairly complex structure is suggested by the moored b(?uom
temperature on May 18 and 19. Southeast of this region is the
0 = 1.571°C patch. Within the gradient region the mixed layer
is somewhat thicker, and the temperature step is much
thicker.

Figure 115 shows 1-day average vector velocities from May
18 to 22. The region of bottom temperature gradient is also
characterized by veering of the velocities above the mixed
layer. On May 19 a mean vertical differential velocity of the
order of 1 cm/s is observed.

Large-Scale Structure

A survey extending 75 km across the Hatteras abyssal plain
was made during cruise Oceanus 31 on August 3-7, 1977. Fig-
ure 12, a Langrangian map, shows mixed layer potential tem-
perature, in bold numerals at each station, in millidegrees
warmer than 6 = 1.580°C. A cold region of about 10-km siz¢
is present in the center of the map, along with the small patch
of warmer and shallower mixed layer seen in the moored rec-
ord from August 4-6. Bottom temperatures increase away
from the center, but notably larger separations do not have
larger temperature differences. The largest temperature varia-

10 cm/s 1N
| S deacendb

MAY i8 19 20 2y iNee
— 7 (i5m)
MOORINGA —-—5 (35m)
"""" 1 (85m)

Fig. 116. One day mean vector velocities for instruments 1, 5, and 7
during the interval shown in Figure 1la.
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Fig. 12. Lagrangian map for moored and profiler (CTD) data of
August 2-8, 1977. The reference time for Lagrangian transformation
is 0000 August 5, 1977. Mixed layer potential temperatures above
1.580°C, in millidegrees, are given as bold numerals near the moored
and CTD data. The positions of moorings A and B and beacon C are
marked at the reference time.

tion occurs on a 10-km scale, in association with the central
cold patch. This same scale is evident in the other two bottom
temperature maps, Figures 7 and 1la.

Figure 13 shows the mixed layer structure found on a 50-
km section across the plain. Station 8 is the only station taken
in rough topography. It is also unique in structure, showing no
bottom mixed layer, a large inversion, and a big difference be-
tween uptraces and downtraces near the bottom. This suggests
that topography greatly changes the processes of bottom and
interior mixed layer formation and detachment, as discussed
more fully by Armi [1978a, 1979).
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5. SUMMARY OF OBSERVATIONS

The_ basic three-dimensional scales and structures of the
benthic ocean over the Hatteras abyssal plain, as found in
moored and profiling measurements, are as follows.

Well-mixed layers extending 5-60 m immediately above the
Hatteras abyssal plain are common. Of 29 profiler stations,
only one did not have at least a small well-mixed region above

the bottom. Over the 3-month moored record the most com-

mon mixed layer height was about 20 m. The potential tem-
perature difference between the mixed layer and the overlying
stratified water varies from 0 to over 100 m°C. In general, the
mixed layers observed could not have been created purely by
vertical mixing of a preexisting interior stratification but re-
quire, in addition, differential motion between the mixed lay-
ers and the overlying water.

Homogeneous or low-stability interior layers above the bot-
tom mixed layer were observed during 25% of the 3-month
moored record as well as in the profiler data. These are of the
same vertical size as bottom mixed layers and have horizontal
extents from 2 to 100 km.

Interior layers and bottom layers are frequently observed in
the moored temperature record to merge with each other (cf.
June 28-29 and June 30 to July 2 (Plate 1)). Interior layers are
probably formed by the intrusion of fluid along isopycnals
from a bottom mixed layer.

The presence or absence of interior layers accounts for
much of the variation in bottom mixed layer height. Shal-
lower bottom mixed layers are associated with interior layers.

Bottom potential temperature may be constant to within 2
m°C over regions of the order of 10 km or may have gradients
of up to 20 m°C/km. The maximum gradients are up to 50
times larger than the mesoscale deepwater temperature gradi-
ents.

The nephels (turbidity) level in the bottom mixed layer var-
ies with position. An interior layer found in the proﬁlg data
(Figures 6a and 6b) is associated with a midwater maximum
in nephels, again suggesting a bottom mixed layer source.
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a slope of ~40 m/km is present in the
difference of ~2 c¢m/s across tl'fe
de and direction for geostrophic

A benthic front with ;
moored data. The velocuyv
front is of the proper magnitu

balance. X 1 ey’
Velocity fluctuations above 1 cph increase in energy

the bottom, presumably a signature of turbulence: in the
mixed layer. These high-frequency velocity ﬂuctuauox.ls are
modulated by the passage of the structures observed in the

moored record.
6. DISCUSSION

Changes in gross features of the bottom boundary layt':r,
such as layer height and potential temperature, have spatial
scales of many kilometers. The dominant cause of tempqral
changes observed at any point, specifically, the main mooring
of this experiment, has been interpreted here as being doe to
advection of this spatial structure. The evidence for this inter-
pretation is as follows.

A single spatial survey presented in Lagrangian coordinates
in Figure 7, in section in Figures 5a and 5b, and in the moored
record in Plate 1 from August 14 to 19, 1977, shows approxi-
mately the same mixed layer characteristics whenever two ob-
servations separated in space and time measure the same
piece of mixed layer. The temporal separation of these obser-
vations ranges from 7 to 36 hours, the associated Eulerian spa-
tial separations being 3-10 km.

Radon 222 was measured at many of the CTD stations;
these measurements have been reported by Sarmiento [1978].
Excess radon 222 over the background level originates in the
bottom sediments [cf. Sarmiento et al., 1976]; the half-life is
3.8 days. The radon profiles show a nearly constant concen-
tration in the mixed layer; no excess radon is found above the
mixed layer. From these profiles, mixing times of less than 3.8
days within the bottom mixed layer and exchange times of
greater than 3.8 days with the interior water may be inferred.
Unfortunately, no radon measurements were made at times
when interior mixed layers were present. The exchange time
with the interior inferred from radon profiles supports the in-
terpretation that large-scale Lagrangian temporal changes oc-
cur on time scales greater than a few days.

This evidence suggests that gross features of the boundary
layer, such as height and potential temperature, do not usually
change on time scales of a few days when they are viewed in a
Lagrangian frame. There are, however, features of the bound-
ary layer which do change significantly on time scales shorter
than a day.

The. velocity and temperature data shown in Plate 1 exhibit
v\fave.hke oscillations at above the inertial frequency. Such os-
cillations are nearly universal in the ocean and are believed to
be. caused by internal waves [cf. Garrett and Munk, 1972)
Mixed layer heights and velocities are often seen to \;a co-.
herently with the overlying waves [D’4saro, 1978: G -
and Gordon, 1978 SRRt L

rdon, |. The characteristic phase speed for ob-

served internal wave spectra is 100 cm/s [Desaubies, 1976)
Therefore at a single point, with a 10 cm/s mean : .
these observed i i ey
internal wave fluctuations are mostl tem 1
not advected spatial variation. G s
l’el\(dl::::tleml.\s of ‘the bottom mixed layer have concentrated on
p! g mixed layer growth by turbulent entrainme t of
the overlying fluid. Differential horizontal advection be k
the mixed layer and the interior fluid is, however. neeess:aween
u::wunt fc?r lhe_ potential temperature and neph;:ls structrerr;
ol ed in this experiment (cf. Figures 6a and 6b). Local
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mixed layer potential temperature and height cannot be
uniquely determined from lh.e local backg'round sx!'auﬁcauon
and geostrophic current, as 1S attempted in one-dimensiona|
models [c;f. Thompson, 1973; Csanady, 1974; Armi and Millard,
1976; Weatherly and Martin, 1978).

The results of this experiment do not preclude the poss-
bility that some local boundary layer properties, such as en.
trainment rate, might be predicted, given the complete local
density and velocity profile, as outlined by Armi [1977]. One
difficulty, however, pointed out by Armi and Millard [1976) is
that the turbulent Ekman layer is smaller than the observed
mixed layer heights. With the mean speed of 7 cm/s the mean
turbulent Ekman layer height A, ~ 0.4u./[ for this experiment
is only ~13 m, roughly half the mean mixed layer height
Little is known at present of the structure of turbulence within
and above an Ekman layer [Armi, 1977]; until such structure i
better understood, entrainment models will be difficult to for-
mulate.

It is clear from this experiment that more than simple verti-
cal entrainment is occurring in the benthic boundary layer. In
particular, the possible roles of mixed layer convergences and
divergences, interior mixed layers, benthic fronts, and differ-
ential advection relative to the interior must be considered in
any modeling effort.

A dramatic result of this experiment is the frequency witk
which interior homogeneous layers appear and the suggestion
that they result from the detachment of bottom mixed layers
(cf. Plate 1). Layering is commonly seen in the upper ocean
[Stommel and Fedorov, 1967], and the concept of surface
boundary layer water penetrating deep into the interior along
lines of constant density is at least 40 years old [cf. Wiist, 1936,
p. 111; Iselin, 1939]. Gregg [1976] has observed the formation
of these layers at the surface and their subsequent movement
into the interior. The same phenomenon occurs at the ocean
bottom. Since almost all of the deep ocean density surfaces in-
tersect the bottom, detached mixed layers may be present
throughout the deep ocean. Other examples from regions of
rough and sloping topography have been cited by Armi
[1978a, 1979].

One possible mechanism for creating detached mixed layers
on an abyssal plain is now described. The extraction of energy
from the interior geostrophic flow by the turbulent mixed
layer requires an ageostrophic flow down the pressure gradi-
ent. The eddy field in this region is known to have vorticity
variations [Bryden and Fofonoff, 1977], and hence thest
ageostrophic flows will not be uniform; the boundary layer
will then have convergences and divergences. Accelerations
and decelerations of the mixed layer would also produce
ageostrophic flows and resulting convergences and diver-
gences. Wherever the boundary layer flow diverges, the mixed
layer will shallow, and interior fluid may be drawn down and
mixed, forming a warm mixed layer. If a convergence later oc-
curs over this same warm mixed layer, it may be lifted into the
Interior, forming a detached mixed layer.

By assuming the above mechanism for the detachment of
mixed layers the effect of boundary layer convergence on the
?r:?mle eddies can be estimated. The observed interior lay-
= ::::::“ 30 m of venical displacement. Conserving poter”

y over the entire 5000-m water column, this corre-
sponds to a relative vorticity change of 0.4 X 10 s~". Bryder
:l:ld F °f‘f"°ﬂ_ ll9_77] estimate the relative vorticity in the
se:vr:io;:lme in this area at 10~ s~' on a 50-km scale. The ob-

ayers therefore represent a substantial conversion of
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relative vorticity mediated through the boundary layer. If the
boundary layer convergence is primarily due to friction, they
also represent a substantial dissipation of the mesoscale eddy
vorticity.

Estimates and bounds for the mixing rates both within the
mixed layer and between the mixed layer and the interior can
be formulated as follows: Geothermal heat flux will heat the
mixed layer without changing its salinity. The same potential
temperature/salinity relation was, however, always observed,
within CTD instrumental error, in the mixed layer and the
overlying water. With a relative salinity measurement error of
0.002%e, a geothermal heat flux of 1.3 X 107° cal/cm?/s [Lee
and Uyeda, 1965], and a 30-m mixed layer an exchange time
between the mixed layer and the interior of less than 600 days
is required (see also Armi [1977]). The above upper bound
complements the lower bounds provided by the radon 222
measurements of Sarmiento [1978] already discussed. Com-
bined, these measurements suggest mixing times of less than
3.8 days within the mixed layers and an exchange time of be-
tween 3.8 and 600 days with the interior.

Since interior mixed layers were observed during 25% of the
moored record and not the entire record, they presumably are
dissipated, either by vertical mixing or by horizontal shearing
and interleaving, as cartooned by Armi [1978a). The time scale
for these processes must be similar to that of the formation,
roughly 100 days, since the interior layers fill only a fraction
(~25%) of the fluid immediately above the bottom mixed
layer. Transit times, from the mooring site to topography at
the edge of the abyssal plain or another bottom contact again
on the abyssal plain itself, of 100 days are possible with the
mean speed of 7 cm/s observed during this experiment.

This paper has emphasized aspects of the benthic ocean as
revealed primarily by mean current, temperature, salinity, and
nephelometer data. A detailed analysis of the velocity data
will be presented in a later paper.
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Plate 1. Velocity and potential temperature data from mooring A (refer to Figure 1). Panels | and 2 (top two panels): north and east velocity components, vector aver-
aged and recorded every 73 min. The zero for each instrument is offset as indicated. Rotor stalls are shown as horizontal lines at zero velocity. Panel 3: 1-day mean vector
velocities from each instrument plotted daily. The origin of the vector gives central time and height off bottom. Data at 75 m are interpolated from adjacent instruments. Panel
4: Differential temperature (difference in temperature between the top and the bottom of the 1.74-m instrument case) for instruments 2-7. Flat traces correspond to no differen-
tial temperature (i.e., the instrument is in a mixed layer). The plot for each instrument is offset vertically, corresponding to its height off bottom as indicated on the left-hand
scale. Panel 5: 5-m°C time/height isotherms of potential temperature linearly interpolated for each data cycle. No isotherms are plotted below the bottom instrument (15 m off
bottom). The peculiar step structure on May 22, for example, results from linear interpolation. Panel 6: Potential temperature/time plots for all seven instruments. Since poten-
tial temperature increases upward, the top trace corresponds to the top instrument, and the bottom trace to the bottom instrument. Mixed layers are shown by merging of
adjacent potential temperature lines. Station Annotation: Times and durations of CTD stations are shown above the bottom time axis. K indicates Knorr 66 stations; others are
Oceanus 3| stations. Eulerian positions are shown in Figure 2, and Lagrangian positions in Figures 7, l1a, and 12.
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