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Flow Structures of the Benthic Ocean 

LAURENCE ARM! AND ERIC D'ASARO 

Woods Hole Oceanographic Institution, Woods Hole, Massachusells 02543 

fil~b::-~i~:~i~~~e~:Ytcture of the near-bouom density field was observed with a towed yo-yoing pro-
emperature measunng array on the Haueras abyssal plain A great va · t f 

~tru~:~~~~et~e se~n. ~~mediat~l~ above the bottom a well-mixed bottom layer ext~nds vertical~e f-~o 
st;on v r1 · 1 an ~ 1 potent1a temperature change. This mixed layer is often capped by a region of 
m T~e ~ icad pot~nua temi:-atu~e gradient, with up to 100-m°C potential temperature change in -10 

;,C/ lun ~n a~ ~yer may uniform for 10 km or exhibit a bottom temperature gradient of up to 20 
m · 2~~nor ay~rs of nearly con tant po1en1ial temperature and horizontal extent of 2- 100 km 
ar~ ::f - . o~ the lime above the bottom mixed layer. When an interior layer is present, the bottom :IX bo ayer 1 ~ thinner. On many occasions an interior layer was seen to be horizontally continuous with 
A ~n:;.::m mixed layer, uggesli~g for~ation ~finterior layers by detachment of the bottom mixed layer. 

V ~ fr~nt was observed. D1fferenual honzontal advection is required to explain the observed struc 
tur~· 1 e ~ty fluct~ation above 1 cph increase in energy near the bottom, presumably a signature of 
tthur u encc Ln the mlXed layer; these fluctuations are modulated by the passage of structures observed in 

e moored record. 

I. I TRODUCTION 

The benthic boundary layer is a region adjacent to the 
ocean bottom with characteri tics di tinct from the oceanic in­
terior. Near the bottom it is turbulent, and the resultant mix­
ing ~s seen as a bottom layer homogeneou in salinity and po­
tential temperature [Armi and Millard, 1976; Eittreim et al., 
1975; Greenewalt and Gordon, 1978; Pak and Zaneveld, 1977; 
Weatherly and iiler, 1974; Wimbush and Munk, 1970). This 
layer i the benthic analog of the atmospheric boundary layer 
and may be similar to the oceanic urface mixed layer. This 
paper report on the three-dimensional slructure of the near­
bottom den ity field as ob erved with a towed yo-yoing pro­
filer and a fixed current/temperature mea uring array. 

I~ a previous study, Armi and Millard (1976) described 
boundary layer density profiles taken in the western North 
Atlantic a part of the Mid-Ocean Dynamics Experiment 
(Mode). They found that simple mixed layers generally oc­
curred over the Hatteras aby al plain, while irregular struc­
tures, commonly with multiple layer , occurred near rough to­
pography. In a short lime cries at the edge of the plain they 
observed a doubling of the mixed layer height in less than a 
day. The Hatteras abys al plain was cho en for the location of 
the intensive benthic boundary layer experiment described 
here both becau e of the previou ly ob erved imple structures 
and because the interior flow in thi area has been extensively 
studied [cf. Mode Group, 1978; Briscoe, 1975). 

Sections 2 and 3 de cribe the experiment and the data cali­
bration and display. A detailed di cus ion of the ob ervations 
follow in ection 4, which is summarized in section 5. Section 
6 di cu these result . 

2. DES RIPTION OF THE EXPERJMENT 

This experiment was de igned to measure the density and 
velocity tructure in both pace and time near the ocean bot­
tom. A 3-montb time cries, May 18, 1977, to August 18, 1977, 
of velocity and temperature was mea ured by two bottom 
morring (Figure I) 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 1 and 
2 are separated by 20 m, while the other instruments are sepa­
rated by I 0 m. Each instrument recorded vector average ve­
ocity and average temperature every 7~ 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 7! 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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foig. I Mooring d iagram for the benthic boundary layer experi­
ment. All vector-averaging current meters (VACM) measure vector 
me n current and temperature. Differential temperature VACM's 
(OT-VACM) also measure temperature differences between the top 
nd the bouom of the I. 74-m instrument case. The acoustic releases 

contain transponders and in conjunction with a third transponder, 
beacon C (not hown), formed an acoustic navigation net. 

ter c ncentrat1on, and radon measurements will be reported 
elsewhere by P. E. Biscaye and J. L. Sarmiento. 

3. D ATA C ALIBRATION, PROCESSING, AND DISPLAY 

onductivity, temperature, depth profiler. Thi instrument 
w calibrated as described by Fofonoff el al. (1974). CTD 

+12 0 39 

data were edited by rejecting up to 0.33 wonh of data if the 
forward first difference of pre ~re or temperature was large. 
Al a typical nea r-bottom lowering peed of 30 m/rnin, only 
spikes associated with a vertical cale mailer than 16cmwcrc 
rejected . Only CTD downtrace were use~ . Uptraces were 
found to be con istently colder and lo con tam numerous tem. 
perature inversions pre umably cau ed by the wa e of theio. 
strument package. A few downtrace were imilarly contamj. 
nated, principally in t wed talion . Different crn 
instruments were used o n each of the two cruises, Knorr 66 

and Oceanus 31 . 
Hi torically, the deepwater potential temperature/salinity 

relation in this region is exact within mea uremeot error 
[Worthington and M etcalf. 1961 ; M~de- 1 . Atlas Group, 1977]. 
No deviation from a con tant relau nsh1p w found in the 
CTD data. If a linity is c n idered a function of potential 
temperature, it can be predicted a ut 10 times more accu. 
rately than it can be measured by the 0 . Therefore poten· 
tial temperature alone can measure den ity at least as act11-
rately as can potential temperature and alinity. Thus only 
potential temperature relative to the ocean urfacc, computed 
as described by Fofono.lf [ 1977], will be displayed. By using 
the Worthington and Metcaif[l961J potential temperaturc/sa· 
linity relationship, potential den ity changes referenced to 

5500 dbars are related to potential temperature changes by 
g(Ap/p) = - 0. IOM. 

Vector-averaging current meters (VA CM). The instruments 
used in this experiment have a Savoniu rotor and a vane to 
measure the horizontal current [Mc ul/ough, 1975]. The roto~ 
from V ACM's 2- 7 on mooring A were individually calibrated 
after the experiment in a flume at the Wood Hole Ocean· 
ogrpahic Institution. A mean tall peed of 1.3 cm/s was 
found (J . Dean, per onal communication, 1979). The esti· 
mated peed calibration error is ±0.2 m/ . lo data process­
ing, rotor stall were assigned a peed of zero rather than the 
usual 2.0 cm/ . Bryden ( 1976] estimate an rm in trumental 
direction bia of about 2° for the VA M. 

The measured V ACM temperature variations have a preci· 
sion of better than a millidegree (± I m 0 C). The absolute tem 
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ig. 2. Map of experimental area, showing locations of . 

track of_ Oceanus 31 towed stations 38 and 43 A 1 f oonn!l.s and CTD profiler stations. Dashed lines how the 
marked m Plate I. . arger-sca e map is shown in Figure 13. Times for TD talion are 
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lenu I temperature, salinity. and nep~~~ (turbidity) from the first down trace of Ouanus J l, tat ion 

f Oceonu JI t wed 0 yo-yo tations 38 and 

perature calibrations, however, have an accuracy of abou t 5 
10 m °C [Payne et al., 1976]. The V ACM temperature have 
been calibrated in situ as follows: CTD measurement of the 
bottom mixed layer reveal it to be almost alway horn ge­
neous in potential temperature to within I m°C. Whenever a 
given instrument showed a con tant differential temper ture, 
it was assumed to be in a mixed layer. Whenever two adja ent 
instruments were in a mixed layer, they were a urned 10 be 
measuring the same potential temperature. Over a peri d f 
3-4 years, V ACM 5 ha had a low-temperature calibration 
drift of I m°C/yr (R. E. Payne, personal communi ti n, 
1979). The temperature measured by VA M 5 w u ed as a 
reference. For example, on July 30, in truments 5 7 were m a 
mixed layer; thu the temperature of VA M's 7 and 6 were 
shilled until they agreed with V ACM 5. In addition, in­
strument pairs that bowed temperature inver ion greater 
than 0.5 m °C for longer than 40 min were hifled 10 remove 
the inversion. There were sufficient mixed layer , some de­
tached from the bottom, to provide a con i tent potential tem­
perature calibration for all the VA M' on mooring A. For 
the deeper instrument , enough mixed layers were pre cot to 
determine both an offi et and a drift. The rms magnitude of 
the offset relative to instrument 5 wa 11 m 0 C. The maxi­
mum drift was 7 m°C over the 3-month duration of the exper­
iment. 

11 n v1gauon, annotated with time and 
f moorings and B and beacon 

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 Ocea_nus 31, station 38. The t P pa~el ho " gh~-1To~ isotherms of potential temperature, created by connecting isotherm cro mgs on sub equent p~o~le with trat bot~ 
The middle panel shows mixed layer potential temperature. The bottom panel shows nephel w1th1n 1 dbar of the 
tom, from o to 7.5 km along the tow path. (The nephelome~er b_attery was exhausted beyond 7.5 km. The lt m di l nee 
scale corresponds to the annotation on the tow path shown in Figure 4. 

he e tations were u ed to calibrate absolutely the V ACM 
temperature to the TD potential temperatures. For the up­
per instruments the TD stations were also used in the rela­
tive temperature calibration. The final V ACM potential tem­
pera tu re are 1 m°C colder than the CTD potential 
temperature for the first CTD survey and I m°C warmer for 
the second and third. Mooring B was calibrated to be con is­
tent with mooring A and nearby CTD measurements. The 
calibrated potential temperatures from the seven V ACM's of 
m ring A and the two CTD's should be consistent with each 

lher to within 2 m°C. 
Nephelometer. This instrument (nephelo is the Greek 

word for cloud), de igned and built at Woods Hole Ocean­
ograhic In titution, was interfaced with the CTD system. 
White light forward cattering (20°-40°) was measured and 
recorded along with the other CTD variables. Unlike the 

TD, 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 time larger than the standard deviation of the 
nearby values. Although they are infrequent, these large 
pikes dominate running averages of the raw data. A 0.33-s 
~verage o.r the ra-:V _nephelometer data, excluding large spikes, 
1 called nephels to this paper. The values produced in this 
way are not sensitive to the exact definition of 'spike' once the 

biggest spike have been removed and can be u ed to distin­
guish differences between water parcels. The ab ~ute values 
generated vary between tation becau e of a mall tn trume~­
tal drift . In relation to the midwater nephels minimum (Bis­
caye and Eittreim, 1977), however, the nephels alues are 
stable. The 3000-dbar nephels value wa used as a z.ero for 
each station, eliminating the mall in trumental drift. 

Lagrangian maps. Three CTD urve near the moored 
array were made to infer the patial tructure of the boundary 
layer. However, for many tation pair the patial separation 
was of the same order as the di placement of the water by the 
measured currents during the time between the tations. To 
simulate a purely patial urvey each CTD profile was dis­
placed horiz.ontally to the e timated po ition of the boundary 
layer at the reference time. This is equivalent to creating a 
Lagrangian map of the boundary layer from a seri of E_u­
lerian measurement at different time . This technique dis­
plays the moored time erie of potential temperature as a 
spatial section on the Lagrangian map. Implicit in thi he~e 
is the assumption that the b undary layer does not change ig­
nificantly over the time of the urvey. The urvey result are 
presented on Lagrangian map , and the validity of this ap­
proach is discussed in ection 6. 

Two of the survey (Knorr 66, tation 7-15, and Oceanus 
31 , stations 2- 13) occurred during period ofrelati ely con tant 
velocity. A single time dependent, uniform velocity field was 
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1g b. ntinuation of Oceanus 31, station 38 section, 13- 32 km. 

n m p ti r the e urvey . During 
I, tali o 7) the measured ac-

8 s 
field f the benthic ocean over 

f the undary layer and the wa-
ve it wa made during cruise 

~ceanus 31 on August 14-17, 1977. Bottom mixed layers, mte-
nor layers, and bottom temperature patchiness on le up 1 
-20 km were observed. 

Bollom mixed layers. Figure 3 shows profile of po1eo11 I 
temperature, salinity, and nephels for the first downtracc of 
station 38. This is a typical boundary layer profile, exhib1tt0g 
a 24-dbar-thick (-24-m) mixed layer, with coo tant poteoti I 
temperature, salinity, and nephels; the layer is capped by a 15-
dbar-lhick lid through which potential temperature, salinity, 
and nephels vary rapidly. The mixed layer is colder and m re 
turbid (higher nephels) than the overlying water. A ve the 
mixed layer the nephels gradient is mall. 

Station 38 was a lowed yo-yo talion with 145 repeated pr 
files of the boundary layer along the acoustically navig ted 
tow path shown in Figure 4. (the Lagrangian tow path 1 
shown in Figure 7.) Figures Sa and Sb display the potential 
temperature and nephels data along thj path. The top panel 
shows isotherms of potential temperature formed by n­
necting with straight lines common potential temper lure 
from indjvidual profiler downlraccs. Although the 1 otherm 
ection extends SOO dbar above the bottom, mo t of the yo-yo 

end within I SO dbar of the bottom. The area clo e 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 isotherm in the upper few hundred 
decibars is due to the small number of me auremenl there. 
The middle panel shows the bottom potential temperature. 
The bottom panel shows all nephels value within 100 dbar of 
the bottom, plotted along the tow path. The upper group of 
points corresponds to mixed layer nephels, while the separa­
tion between the two groups corre ponds to the difference in 
nepbels between the interior and the mixed layer. 

I 
I 
I 
I 
I 
' 
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I· 6a. Section of boundary layer for Oceanus 31, sta~ion 43. Re­
ier t1;f'igure So for details. Note the interi_or lenticular region of weak 
tr uficauon at the beginning of the secuon 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 
I km fthe same piece of boundary layer. (Refer ahead to the 

grangian map (Figure 7).) The density structure is nearly 
1denucal at each of these points and for several kilometers 
around each point, as is illustrated in Figures 5a and 5b. More 
than half the length of the section was spent in three visits to 
this patch of nearly constant mixed layer characteri tics. 
Within the patch the mixed layer potential temperature fluc­
tuates I m°C about 0 = 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 0 = I .600°C to 8 = l .620°C 
throughout the patch; the detailed small-scale structure of this 
temperature step varies within the patch. 

The southeast and northwest sections of the tow path are 
not in the central patch. The southeast section, extending 
from 12 to 15 km, is colder and shallower. The mixed layer 
has a constant potential temperature 0 = 1.591°C ± 1 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 

0 I 
NORTH 

2 3 4 5 

-
.. 

6 7 8 9 

SOUTll 
DISTANCE KM 

43 Onl pro-Fig. 6b. Nephels profiles fr m Oceanus 31. tau n · line for 
files extending above 5300 dbar are h wn. The referenced wtth 

1 each profile correspond with po ition al ng the t track ~ rn fig· 
nephels value of 44. Three potential temperature 1 therms :i,, re­
ure 6a are shown to mark the boundary of the tntcn r lcnu lcs are 
gion and the top of the mixed layer. ert1 I and h n~ntal sea epbels 
the same as those u ed in Figure 6a. te Lb t the m1dwater 0 

maximum is associated with the interior lenti ul r reg1 n. 
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. . . .ow u enan mterv s. hese distances correspond to the annotalion on the Eulerian 
tow P th ( 1gure 4). hading gives mixed layer potential temperature. 

ti~lar region and the top of the mixed layer. As usual, the 
~ue~ layer i a nephel maximum. The high-stratification re­
gion immediately above the mixed layer is characterized by 
low nephels, while the len of weak tratification has higher 
~ephels. The water column i made of everal di tinct pieces; 
It could not have been formed by wave training of a single 
water type. Since there is a local mini.mum in nephels immedi­
ately above the mixed layer, the lenticular structure cou.ld also 
n t ha e been created by ertical mixing from the bottom but 
must have involved the horizontal intru ion of water with dif­
ferent nephel . The higher nephels and weak stratification of 
lhe lenticular regi n uggcst that it may be a former mixed 
layer which b detached from the bottom. Further examples 
of this will be en below. 

The depr ion of the deeper i therms around lhe high­
ncpbels intru ion result in a marked hallowing of the mixed 
layer at about 2 km along the tow path. This i accompanied 
by a warming of the mixed layer and an increase in lhe mixed 
layer nephels. occurs in talion 3 , the mixed layer in lhe 
region of horizontal temperature gradient is slightly stratified. 
At 4 bn the deep isotherm begin to ri e again, and the mixed 
layer deepen . The end of the tow eems to show a new patch 
of mixed layer almo t 45 dbar thick with a temperature of 
around 8 • 1.602° . The low- tability intrusion and the asso­
~.ted nephels maximum have disappeared, but lhe high-sta­
bility region above the mixed layer remains. Note that the in­
terior layer appear to have a trong inlluence 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 lO km north/south and 20 km east/we t. 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 ~8 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 talion 
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 lhe 
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 I) is hown in Plate I. 

The top two panels (panels I and 2) show north and east ve-
locity mponcnts, vector averaged and recorded every 7t 
min . The zero for each instrument is indicated. Rotor stalls 
arc h wn a horizontal line at zero velocity. Panel 3 of Plate 
I di play the I-day average vclocitic as displacement vec­
t rs. The origin of each vector gives the height off the bottom 
and centered time of the I-day average. The directional differ­
cn c of -10° clockwise, as observed from above, at the 45-m 
level 1 probably purious. The I-day mean velocities, with 

nly fe exceptions, vary slowly, turning through 270° dur­
rng the 3-m nth-I ng record . 

The tt m three panels (panels 4-6) of Plate I display the 
m red 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 sh w the even potential temperature records plotted 

mm n cale. This will be referred to as the temperature 
pl t m c potential temperature monotonically increases up­
ward , the top trace corre ponds to instrument I, while the bot­
tom trace c rrc pond to instrument 7. Panel 5 displays the 

me potent ial 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 i otherm 
plot. The re. lution of temperature is best seen in the temper-
turc pl t, however, this plot displays poorly the spatial struc­

ture of the temperature field. Structure is best resolved with 
the 1 · th~rm plot. Notice that the height scales on panels 3- 5 
are 1dent1 I; they may be overlaid. The bottom time axis is 

nnotated with the time ofCTD tations. 
Although variations observed at the single mooring contain 

an .unknown com~ina~ion of temporal and advected spatial 
va_nab1hty, the vanabi.hty observed will be interpreted here as 
pn_manly an advected ignature of existing horizontal varia­
~1l~ty Unhke homogeneou temporal variation, advected var-
1att n . are not a iated with changes in the heat content or 
potcntt I energy of the fluid. This interpretation will be d ' -
ussed more fully in ection 6. 

1 

Bottom mixed layers. These are common in Plate I Th 
are en rn the differential temperature plot as a Hat t;ace ~ 
the bottom 10 trume~t containing no internal wave or ad­
vc ted fine tructure signals. Mixed layer are seen in the iso­
therm pl t by the ~erging of temperature lines from adjacent 
10 trument . The mued layer height measured by differential 
temperature are consi tent with tho e measured by l 
~tur~. Because of the finite in trument spacing the mue~~:;;; 

e1g ts can be resolved only to 10 m with a .. 
urable height of I 5 m The steplik , mmunum mea-. e tructure e · b · 

therm plot on May 21 and 22, for exam en mt e tso-
tcmpcr~ture change significantly in less l~~~ ~urs when the 

Arm1 and Millard (1976) m. 
ob erved boundary I d' a~ong other , assumed that the 

ayer ens1ty truct · fi 
vertically mixing the tratified te ' ormed only by 
pothesis alone is inadequate to ~~ean. rom below. This hy-
tructure. On May 22 fior e I pla2m the observed densit) 

, xamp e a 5-m h ' b . . 
capped by a 80-moc potential t , - tg mued layer u 
ature step is equivalent to abou~~~erature s~e~. This temper-
3 there i clearly a mixed I b m of mumg. On August 

ayer, ut there is no temperatun 

step at all. The e profile could n t be fi rmed purely by vcrti· 
cal mixing but require differential h riL nl I d ecti n 

Interior layers. At talion 43 ( igurc 6a) a I w- tability in­
tro ion above the boll m mixed I yer w b rvcd. unilar 
layers, many of nearly con tant potenti I temperature, arc 
present during about 25% of the m r d re rd Plate t. Tbc 
mo t prominent interior homogene u I er c tends from 
June 17 to 26. With n adve tive peed of 10 m/ th' laycris 
too km in extent. It · omewhat p tchy, not I ay well 
mixed, and exhibit an I t-m 0 temper ture h nge over its 
length. Other pr minent layers are pr nt on June 5-7 and 

May 22- 23. 
A ub tantial fra tion f mixed layer height n ti o ts as-

sociated with the pre en e r ab nee f crlying intcnor 
mixed layers. At tali n 43 (Figure 6a) the · therms arc ob­
served to bow round the low- ta bi ht rntrusi o, ulung in a 
shallower mixed layer beneath the rntrmi o. Th' pattern is 

also seen in the moored data . or ex.ample, the two intcnor 
mixed layers at the beginning and end f June re tcarly as­
sociated with hallow bott m mixed layers, while the deeper 
mixed layer in mid-June ha no ob rv bte mtcnor layer 
above it. This i een again on May 25, Jul 6, and July 14. 
Armi and Millard [ 1976, Figure 4bl pre time ri of 
CTD station t the edge of the Hatter pl m which 
al o di play thi pattern. The fir t pr file how 20-m-thick 
bottom mixed layer verlaid y a I 5-m-thi 
neou interior layer. In ub e uent pr file 
disappear , and th mixed layer deepen . 

Detaching bottom layers. lnteri r I ye 
are frequently ob erved in the m red re 
each other (Plate I). Pr minent e mplc 
and June 30 t July 2: other re een n M 
2, June 26 (2 I yer ), Jut 3, and Jul 2 24. 

A most likely ource of mix d fluid fi r n mtcnor layer is a 
bottom mixed layer. f 16 mten r t er pre cot in the 
moored record, 6 merge at me point ith a bottom layer. 
Thi sugge ts that interi r ta er are fi nned by the intru ion 
of fluid along isopycnal fr m the u m mixed ta er. 

Interior layers may either precede r fi Uow in time their re· 
spe~tive bottom mixed layer ur , urning that advectcd 
honzontal variability dominate the ulerian observations. 
Both case are ob erved with equal frequen . 

JJ_ollom mixed layer thickne and temperature. The distri· 
bullon of mixed layer thickne from the moored record is 
sho"':n in igure 8. Mixed layers are m t comm ol about 20 
m thick, while mixed layer 40 m thic or thi ker occup only 
I I% of the record. The distribution of th1ck.n rn each of the 
thr~e ubperiods ho n is imilar t the distribution for the 
en~tre record . The distribution of mixed layer height found b 
Mill~rd (1974] from 44 CTD tati n h w be' b onl 5- IO 
m thicker. i.g 

The mo d · re ID trument mea ure bottom temperature 
whenever the botto · . . . · mmo t m trumenl 1 m mucd layer. Fig· 
ure 9 how a h · t . 1 ogram of the observed bottom potenllal 
temperature· the d ' t ·b · . 
h 

• 1 n ut1on 1 quite different in each of the 
l ree subperiod Th · ree month may n t be t og enough to 
mea ure t_he temperature distributi n a uratcl . Further· 
more, dunng 40% of the record the mixed la er · shallow 

d
enough_ (<20 m) that the bottom temperature cannot be well 

etermmed. 

c Th~ benthic boundary layer wa een in the previ u ly dis· 
usse patial urvey to have horizontal ariabiht al lcs of 
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MIXED LAYER HEIGHT (METERS) 

Fig. . II t r m of m1 cd I er heights from mooring A. A 
mixed la er defined b a potenual temperature change between in­
trumcn and d11Terent1al temperature within tbe layer of less than I 
m0 C. ntn utl n fr m e cb of three ubperiods are bown. 

approimnatcl 10 km. Al an adve ted velocity of approxi­
mate! 10 cm/ lh horiz ntal ariability translates into a Eu­
lerian tcmpor J v riabilit f I dav. However, the bottom 
temperature o the moored re rd (Plate I varies more irreg­
ular! than the grangian map ( igure 7) would indicate. 
The m tn 8 - 1.5 9° pal h in igure 7 is seen from August 
14 to 16 in Pl te I. hi i a time of exceptionally small poten-
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BOTTOM POTEN TIAi. TEMPERATURE oc 

Fig. 9. H t gram of ml){cd layer potenti 1 temperature from 
moonng , defined by the potenual tei:npe~ature at tb;go~o~:~ 
instrument hene er the m1 ed layer 1 thicker tban · d " 
I d Ii d could not be measure ior l)cr potenual temperature. so e ne • 20 oflhe re rd be use mixed laye were smaller tban m. 

tial temperature gradient. The irregular structures seen in the 
moored data from J~ly 27 to August 4, for example, seem to 
be more repr~sentattve. Regions of strong mixed layer tem­
perature gradtent appear, for example, on May 19 June 16 
and July 23. ' ' 

A large bottom temperature gradient may also occur when 
the temperature step above the mixed layer intersects lhe 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 S km: none of which show any shallowing or 
warmrng of the mtxed layer (See Fig. 13, which will be di -
cussed later.) Mooring B shows only a slight warming above 
the mixed layer. This feature is thus only a few kilometers in 
Si7.e. 

Benthic front. The temperatures at all levels increase -SO 
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 S. On the basis of the 
mean advection velocity the slope of the L.625°C potential 
temperature isotherm is -4 x 10- 2 (contrast with the mean 
tnermocline slopes of 2 x 10- 3 [Katz, 1973)). This appear to 
be a benthic front. The velocity difference of -2 cm/ 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 pectra of 
horizontal kinetic energy from the V ACM instruments. The e 
spectra are similar to those from other measurements in this 
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limits and tbe inerual (j), M , tidal, and approx.i 
quencies are shown. 
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fig. I la. Lagrangian map of moored and profiler (CTD) data 
from()()()() May 18, 1977, to 0000 May 22, 1977. Shading shows ~t­
tom potential temperature. The first CTD downtrace for each stauon 

. hown; Jes are indicated on station 12. Positions of the first 
downtracc are hown by large pluses, and those of subsequent down­
tracc. by ·ma ll plu cs. The solid Line marks mooring A positions an­
n tated at ()()()() of each day. Mooring B position is shown by a solid 
line whenever the VACM (35 m otrbottom) is in the mixed layer. The 
reference lime for Lagrangian transformation is 1000 May 19, 1977. 

he po ill ns of mooring A and B and beacon C are marked for this 
lime. 

area (cf. Briscoe, 1975), showing peaks at the inertial and tidal 
frequencie with an approximately 1-2 shape at higher fre­
quencies. At low frequencies and in the internal wave band 
between the inertial and vii.isalii frequencies the spectra of all 
in tru ments are similar. The bottom instrument has less en­
ergy at the inertial frequency but more energy above l cph. 
The additional high-frequency energy near the bottom is pre­
sumably a signature of bottom-generated turbulence, respon-
ible 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 I, panels 1 and 2. The 
amplitude of this high-frequency fuzz increases in the deep 
mixed layers of May 18- 20 and July 26- 28 and during the 
pa age of the benthic front on June 4- 5. 

Further Observations of Spatial Structure 

A CTD surv~y was made during cruise Knorr 66 on May 
17- 21 l 977. Thts survey shows the spatial structure of the ex-

. f bottom temperature gradient t the tan of tended region o 
the moored record . d 

. I la a Lagrangian map how moore and CTD 
Figure ' t e and the fi t potential temperature pro. 

bottom tempera ur b If f h La · 
h CTD station. The uthem a o t e gragian 

file of eac . h . d b 
20-22 of the m red data, tS c aractenze y a 

maph ~a/= 1.571 oc mixed layer extending approximately 20 
pate and 2o km ro tream. It can be seen io the km downstream 

d (plate 1 from late on Ma 20 to the end of moored recor . h 
May 22. The mixed layer height van . 

1 
me ~~aro~d a 

mean of 25 m. The temperature tep arge, ~ .or 
I SS than 10 m . A nearly h mogeneous, tntenor 

more, over e o be · · 
layer of potential temperature 1.675 ca.n seen unmcd1· 

bo the bottom mixed layer, both tn the moored data ately a ve . 
· CTD tations 13 and 14. The D profil how 1t to 

and m s . . d ' I bo h 
have a thin, nearly un tratificd region unme _1ate y a ve I c 
mixed layer step, with a graduall teepemng temperature 

gradient above. . 
Th orthwe tern half f the Lagrangian m p how a re· 

gion :f ~uxed layer potenual tem~rat~re gradient. l~ng 1hc 
mean current direction thi gradient 1 about 1.4 m C/km. 
However, the bottom temperature map ugg tha1 the bot· 
tom isotherms are nearly parallel to the current. A 1emper· 

t e gradient of 8 m°C/ krn perpendicular to the current oc· 
a ur · f •c; curs near station 8. Station 15 di play a gradient o m 
km between the fir t and la t t. It appears therefore that a 
region of bottom temperature gra.dicnt ~n diagonally aero 
the map, inter ecting mooring A tn a reg1 n north of May 19. 
A fairly complex tructure is ugge ted by the ~oore~ ~ttom 
temperature on May 18 and 19. utbea t ofth1 re~1on 1 the 
8 = 1.571 °C patch. Within the gradient regi n the m~cd layer 
i somewhat thicker, and the temperature tep t much 
thicker. 

Figure I lb hows I-day average ve tor veloci1ie . fro~ May 
18 to 22. The region of bott m temperature gradient IS .also 
characterized by veering of the el iti above the mllted 
layer. On May 19 a mean vertical differential velocity of the 
order of l cm/ i ob erved. 

Large-Scale Strncture 

A urvey extending 75 km aero the Hattera ab I pl~in 
wa made during crui e Oceanus 31 on Augu t 3-7, 1977. Fig· 
ure 12 a Langrangian map, h w mixed layer potential 1em· 
perature, in bold numeral at each talion, in millidegr~ 
warmer than 8 = l.580°C . A c Id region of about 10-km izc 

is present in the center of the map, along ith the mall patch 
of warmer and hallower miJted layer een in the moored rec· 
ord from Augu t 4-6. Bott m temperatures increase away 
from the center but notably larger separations do not ba.ve 
larger temperature difference . The largest temperature ana· 

' ... ' . ' ·. 
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··· •·· 1 
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Fig. I lb. One day mean vector velocities for instruments I 5, and 7 
during the interval howo in Figure I la. 
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• ID milhdegre re given bold numerals near the moored 
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5· SUMMARY OF O BSERVATIONS 

Th~ basic three-dimensional scales and structures of the 
benth1c ocean over the Hatteras abyssal plain as fou d . 
moored a~d profiling measurements, are as follo~s . 0 

m 
Well-mlXed layers extending 5-60 m immediately above th 

Hatteras abyssal plain are common. Of 29 profiler star e 
only one did not have at least a small well-mixed region a~~:~ 
the bot~om. Over the 3-month moored record the most com­
mon mtxe~ layer height was about 20 m. The potential tem­
pera~ure difference between the mixed layer and the overlying 
st~atified water varies from 0 to over 100 m°C. Ln general, the 
mtx~d lay~r~ observed could not have been created purely by 
vertical mtxmg 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 l)). loterior layers arc 
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/k.m. 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 profile data 
(Figures 6a and 6b) is associated with a midwater maximum 
in nephels, again suggesting a bottom mixed layer ource. 

69° 68° 67° 
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the Hatteras abyssal plain. Oceanus 31 station numbers. are 
1g. 13. rge- le se tion of the boundary lay~r acrossk the ftank of Independence Knolls, and other stations 

h n. ote the difference in structure between stauon 8, ta en on 
taken n the aby 1 plain . 
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benthic front with a slope of -40 m/km is present in the 
moored data. The velocity difference .or "'.2 cm/s across ~e 
front I of the pr per magnitude and dtrect10n for geostroph.ic 

balance. . . near 
Velocity fluctuations above I cph Ulcrease ll1 energ~ 

the bottom, pre umably a igoature of turbulen~ ll1 the 
mixed layer. These high-frequency velocity fluctuallo':15 are 
modulated by the pa age of the structures observed tn the 

moored record. 

6. DIS USSIO 

Changes m gro features of the bottom boundary lay~r, 
. u h as layer height and potential temperature, have spaual 

I of many kilometers. The dominant cause o.r tem~ral 
change observed at any point, specifically, the ma~ moonng 
of this experiment, has been interpreted here as belllg due to 
adve ti n of this spatial structure. The evidence for this inter­
pretation is a follows . 

A ingle spatial survey presented in Lagrangian coordinates 
in Figure 7, in ection in Figures 5a and 5b, and in the moored 
re rd in Plate I from August 14 lo 19, 1977, shows approxi­
mately the same mixed layer characteristics whenever two ob­
. ervation eparated in space and time measure the same 
piece or mued layer. The temporal separation of these obser­
v ti n\ range from 7 to 36 hours, the a ociated Eulerian spa­
tial. eparallons being 3-10 km. 

Radon 222 wa measured at many of the CTD stations; 
th sc mea uremeot have been reported by Sarmiento (1978). 

xcc radon 222 over the background level originates in the 
bottom sediments [cf. Sarmiento et al., 1976); the half-life is 
3. day The radon profiles show a nearly constant concen­
tration an the mixed layer; no excess radon is found above the 
mi ed layer. rom these profiles, mixing times of less than 3.8 
day. within the bottom mixed layer and exchange times of 
greater than 3. days with the interior water may be inferred. 
Unfonunately, no radon measurements were made at times 
when inten r mued layers were present. The exchange time 
w11h the interior inferred from radon profiles supports the in­
terpretation that large-scale Lagrangian temporal changes oc-
ur on lime . cale greater than a few days. 
Th1\ evidence uggests that gross features of the boundary 

layer, u h . height and potential temperature, do not u ually 
chan eon lime scale or a few days when they are viewed in a 
Lagrangian frame. There are, however, features of the bound­
ary layer wb1 h do change ignificanlly on time cale horter 
than a day 

The vet tty and temperature data shown in Plate I exhibit 
wavelike c11lat1on at above the inertial frequency. Such 0 _ 

c11la11 n are nearly universal in the ocean and are believed to 
be used by internal waves [cf. Garrett and Munk, 1972]. 
MtXed layer heights and velocities are often seen to vary co­
herently with the overlying waves [D'Asaro, 1978; Greenewa/t 
and Go~don, 1978). The characteristic phase speed for ob­
served mlemal ~ave pectra is 100 cm/s [Desaubies, 1976). 
Therefore at a smgle point with a 10 cm/ 
th b d . • s mean current, 

ese o erve mternal wave fluctuations are mostly temporal 
not advected patial variation. ' 

M~~ls of.the bottom mixed layer have concentrated on 
pred1clmg. mue~ lay~r growth by turbulent entrainment of 
the o~erlymg fluid. Differential horizontal advection between 
the mued layer and the interior fluid is howeve fi • r, nece ary to 
::~~ ~r th~ potenti~I temperature and nephels structures 

m this expenmeot (cf. Figures 6a and 6b). Local 

mixed layer potential temperature and height cannot be 
uniquely determined from t~e I I ba kgr und trattfica11oa 
and geo trophic current, as is attempted tn one-dunens1onat 
model [~f. Thompson, 1973; sanady. 1974, Arm1 and fillard, 
I 976; Weatherly and Martin, 197 J. 

The re ults of this experiment do n l pre lude the po . 
bility that ome local bounda'!' layer. properties, uch as en. 
trainmen! rate, might be predicted, given the complete local 
density and velocity profile, outlined by Armi [ 1977]. One 
difficulty, however, p inted out by Armi and fillard [1976] li 
that the turbulent kman layer i maller than the obscr.cd 
mixed layer height . With the mean peed of7 cm/ the mean 
turbulent Ekman layer height h, - 0.4u./f for th cxpcnment 
is only - 13 m, roughly half the mean milted layer height 
Little is known at pre nt of the tru tu re of turbulence within 
and above an Ekman layer [Arn11, 1977]: until u h tructure is 
better understood, entrainment m et will be difficult to for. 
mu late. 

It is clear from thi experiment that m re than imple veru­
cal entrainment i urring in the benthi boundary layer. In 
particular, the po ible r le of m1Jted l er convergences and 
divergence , interi r mi ed !aye , benthi fr nts, and differ­
ential advection relative to the in ten r must be con idered ID 

any modeling effort. 
A dramatic re ult of th · experiment i the frequency wul 

which interior homogeneou I yers appear and the ugg llOL 
that they re ult fr m the detachment of ttom mind layen 
(cf. Plate I). Layering is mm nly een in the upper ocean 
[Stomme/ and Fedorov, 19 7), and the nccpt of urface 
boundary layer water penetrating deep rnto the intenor alo°' 
lines of con tant den ity i at lea t 4 ye rs old [cf. Wrist, 1936. 
p. 111 ; Jse/in, 1939). Gregg [ 1976] ha b erved the formation 
of these layers at the urface and their ub quent movement 
into the interior. The me phen men n urs at the ocean 
bottom. Since aim t all of the deep e n den it urfaces in­

tersect the bottom, dcta hed m1Jted la er.. may be present 
throughout the deep ocean. ther e mpl from regions of 
rough and loping top gr phy have been cited by .Amu 
It 978a, t 979). 

One po ible mechani m for crcatmg detached mixed laycn 
on an aby I plain is now de cribed. The cxtracti n of energy 
from the interior geo trophi flow b the turbulent mixed 
layer requires an ageo trophic flow d wn the pre urc gradi· 
cot. The eddy field in this region i known to have vorticity 
variations [Bryden and Fofonoff, 1977], and hence these 
a~eostrophic flow will not be unili rm: the boundary la -er 
will then have convergence and di ergco . ccclerallo 
and deceleration of the mixed layer would also produce 
ageo trophic flow and resulting convergences and diver· 
gences .. Wherever the boundary layer flow dt erg , the lllUcd 
la~er will hallow, and interior fluid may be drawn down and 
muted, for~ing a warm mixed layer. If a con ergeocc later oc· 
~ur ~ver thls same warm mixed layer, 1t ma be lifted into the 
mtenor, fo°?ing a detached mixed layer. 

.By a umrng the above mechani m for the detachment of 
muted layers t~e effect of boundary layer convergence on the 
me oscale edd1e can be e tirnated . The ob rved intenor lay· 
e.rs repr~ ~nt 30 m of vertical di placement. on erving potco· 
llal vort1c1ty over the entire 5000-m water colurrtn. this corrc­
pond to a relative vorticity change of0.4 x 10 • '. Brydtn 

and Fofono.ff I 1977] e tirnate the relati e orti it in the 
thermocline in lhi area at 10- 6 - 1 on a 5().km scale. The ol>­
served layers therefore repre ent a ub tantial conversion of 
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relative vorti ity mediated through the b undary layer. If the 
boundary I yer nvergen e i primarily due to friction, they 
also represent a ub tantial dis ipati n of the mesoscale eddy 
vorticity. 

Estimat and und for the mixing rate both within the 
mixed layer and between the mixed layer and the interior can 
be formul ted f; II ws: Geothermal heat flux will heat the 
mixed layer without changing it alinity. The same potential 
temperature/ salinity rel tion w , however, always observed, 
with1.11 D in trumental error, in the mixed layer and the 
overlying ater. With a relative salinity mea urement error of 
0.002'o, ge thermal he t flu of 1.3 x 10 ° cal/cm2/ [Lee 

and Uyeda, 19 5), nd a 30-m mixed layer an exchange time 
between the mLXcd I er and the interior of le than 600 days 
is rcqutrcd (sec al Armi [ 1977]). The above upper bound 
complcmen the lower bounds provided by the radon 222 
measurements f armiento ( 197 ) already discu ed. Com­
bined, these me uremcn uggcst mixing time of le · than 
3. day ilhin the mixed layc and an exchange time of be­
tween 3. and 600 d y with the interi r. 

Sin e interior mixed layers were ob erved during 25% of the 
moored record and not the eniire record, they pre umably are 
dissipated, either by vertical mixing or by horizontal shearing 
and interleaving, cartooned by Anni ( 1.978a]. The time cale 
for the pl' mu t be imilar to that of the formation, 
roughly 100 da , in e the interior layer fill only a fraction 
(-25%) of the fluid immediately above the bottom mixed 
layer. Tran it tim , from the mooring ite to topography at 
the edge of the ab al plain or an ther bou m contact again 
on the aby al plain it elf, f 100 day are po ible with the 
mean peed of7 m/s ob erved during thi e periment. 

This paper ha empha ized a. pe ts of the benthic ocean as 
revealed primarily by mean urrent, temperature, salinity, and 
nephelometer data . A detailed aoaly i of the velocity data 
will be presented in a later paper. 
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