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Water masses and circulation patterns in the region
of the Blake-Bahama Outer Ridge*
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Abstract—The water masses and circulation patterns of the Blake-Bahama Outer Ridge area of
the western North Atlantic were studied using a salinity/temperature/depth (STD) recording system.
The dynamic method was applied to STD data in the deep ocean, revealing that the Western Boundary
Undercurrent (WBUC) flows with velocities up to 26 cm sec? at the bottom on the eastern flank of
the Outer Ridge. The volume transport was computed to be 22 X 108 m3/sec. The high Antarctic
Bottom Water (AABW) content (up to 209%) of this current suggests that AABW flowing north
into the western North Atlantic Basin is deflected by the ocean basin hills, at about 35°N merges
with North Atlantic Deep Water (NADW), and returns southward along the eastern continental
margin. The computed velocities and directions confirm that the WBUC in this area is a contour-

following current.

A layer of cold isothermal water 20-170 m thick was found on the bottom over much of the
section at depths ranging from 3800 to 5400 m. In some locations the layer was capped by a com-
paratively steep thermal gradient. The higher AABW content of this homogeneous stratum may be
a result of the confluence of NADW and AABW. The possibility that a lower turbulent boundary
layer exists in the deep ocean, whose velocity field is dependent on bottom roughness, is also examined
by applying relationships derived from similar phenomena in the lower atmosphere.

INTRODUCTION

DirecT measurement of a southerly flow of abyssal waters in the western North
Atlantic Ocean was first made by SWaLLOW and WORTHINGTON (1961) with neutrally-
buoyant floats and standard hydrographic stations. Since then, others using similar
techniques have also demonstrated the existence of this current (VOLKMANN, 1962;
BARRETT, 1965). In addition, indirect observations obtained from oriented bottom
photographs and sediment distribution indicate a southerly deep flow along the
continental margin (HerzeN, HoLLISTER and RUDDIMAN, 1966; SCHNEIDER, FOX,
HoLLisTER, NEEDHAM and HEEZEN, 1967; Rowe and MENZzIEs, 1968). Now known
as the Western Boundary Undercurrent (WBUC), it is also called a  contour current ’
(HeezeN, HoLLISTER and RUDDIMAN, 1966) since it tends to flow parallel to the topo-
graphic isobaths of the continental margin. Its southerly extent has not been fully
investigated although oriented bottom photographs suggest a southerly flow of
1-3 cm sec™! at 12°N on the Antilles Outer Ridge (McCoy, 1969).

South of 35°N the continental slope is separated from the shelf by the broad Blake
Plateau. Near 33°N the southeast trend of the Blake-Bahama Outer Ridge should
divert part of the contour following current from its southerly course to a more
southeasterly direction (HEEZEN, HOLLISTER and RUDDIMAN, 1966).

*Lamont-Doherty Geological Observatory Contribution No. 1591.
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Fig. 1. Location of USNS James T. Gilliss Cruise 85 STD stations, May-June, 1968. Blake-
Bahama Outer Ridge crests shown by hatched lines labelled I (primary) and II (secondary).

To further examine the WBUC in this region, a closely-spaced series of 22 hydro-
graphic stations was taken using a Bissett Berman Model 9006 Salinity/Temperature/
Depth (STD) system with a 6000 m full-scale depth sensor. The STD line runs from
the Blake Plateau to the Hatteras Abyssal Plain, crossing the Blake-Bahama Abyssal
Plain and two crests of the outer ridge: the secondary ridge rising to 4400 m and the
primary ridge extending to above 3800 m (Fig. 1). The Blake-Bahama Abyssal
Plain has recently (Aug. 18, 1970) become of special interest as the area chosen for
the much-publicized dumping of obsolete nerve gas. The supposed location of the
dump-site is between Stas. 7 and 8.

PROCEDURE

The STD data were recorded on both analog charts and in digital format on magnetic tape with
the Bissett Berman Digital Data Logger. At each station the STD was lowered at 25-30 m/min
until it was below the main thermocline to minimize erroneous salinity excursions caused by the
disparity in time constants of the conductivity head and the temperature compensatory elements in
the salinity sensor. These excursions become large when the instrument is lowered through a steep
temperature gradient. Below the thermocline the lowering rate was increased to a maximum of
100 m/min. A Benthos bottom-finding pinger was attached directly to the STD instrument cage
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permitting continuous measurements down to within 10 m of the bottom at most of the stations
without risk of damaging the sensors.

Analog and digital recordings were made for both the lowering and raising of the STD. A single
scan of the three parameters was recorded on magnetic tape at ~ 0-5 sec intervals. The maximum
magnetic tape recording resolution of the 6000 m depth sensor is approximately 0-8 m allowing
better than one ‘ observed level * of information per meter.

Accuracy of Gilliss STD data

The STD is entirely satisfactory within the manufacturer’s stated limits of accuracy (salinity
+ 0-03%,; temperature + 0-02°C; depth + 0-25% full scale; Howe and Tar, 1965); however,
this accuracy is lower than that required for significant determination of deep geostrophic velocity
and volume transport computations (GorRDON, 1967), and individual STD units can be subject to
significant variations from the ideal frequency/parameter relationships, to output frequency shifts,
and to certain pressure-dependent errors. The necessary increase in accuracy of the STD system can
be achieved by comparing STD output with water samples and temperature measurements taken at
exactly the same location and time as the STD measurement. This was accomplished with a command-
type multiple water sampler (GERARD and AMos, 1968; NiskIN, 1968).

Rosette/STD comparisons

To quality-control the Gilliss data, a 10-bottle Niskin rosette sampler was attached to the STD
frame. An attempt was made to cover the entire depth range with evenly spaced samples. The
frequency output (monitored on an electronic counter and scanner system and later converted to their
respective parameters) of each of the three sensors was recorded at the time a rosette bottle was tripped.
The salinity of the water samples was determined with a shipboard induction salinometer. The
reversing thermometer data were corrected in the usual manner, but special care was taken to use
three thermometers per frame of known performance.

Assuming that the measured salinities of the rosette samples, and the reversing thermometer
temperatures and thermometric depths are correct, plots of AP vs. P, were made, where P, = parameter
value as determined by rosette sample and AP = P,— Pgy (the STD parameter value) (Fig. 2).
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Fig. 2. Difference between standard command sampler measurements and STD output for
(a) salinity, plotted as a function of depth; (b) temperature, showing frequency distribution of
differences between protected reversing thermometers and STD output; and (c) depth. Hatched
lines on (a) and (c) are curves used to correct the STD data.
A = AS and © = AD obtained from the command sampler
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These plots were examined for obvious shifts and a best-fit curve was computed from the data.
The corrections of the STD output were based on this curve. In the case of salinity, a pressure-
dependent error was found; a type of error noted previously (Amos, 1966; Jacoss and AMos, 1967).
Even the small salinity/depth error of the present sensor was obvious when compared with other
data (FUGLISTER, 1960; WORTHINGTON and METCALF, 1961; WORTHINGTON and VOLKMANN, 1965)
collected in our area.

The bottom depth was measured in three ways: (1) by converting the precision depth recorder
(PDR) travel time to meters with MATTHEWS (1939) tables for the speed of sound in sea water; (2)
adding the distance of the STD from the bottom, as indicated by a pinger to the deepest STD depth
sensor reading; and (3) thermometric depths of rosette thermometers reversed near the bottom (two
unprotected and one protected thermometer were attached to the bottom bottle). Bottom depths
computed by the two latter methods differed from the first by almost one per cent. This disparity
could not be accounted for by recomputing travel time of the PDR impulse, by averaging sound
velocity calculated at every level of the actual STD station, or by an average density of the water
column computed from the same data in the thermometric depth equation. It may result from the
constant relationship between pressure and depth used by the STD manufacturer for the depth
sensor (based on an ‘average sea water density of 1:025°). For this paper, bottom depths used in
the vertical profiles are those computed by method (2), corrected according to Fig. 2 (C).

Data processing

The magnetic tape data were converted to parameter values with the manufacturer’s straight-line
frequency/parameter relationships. Temperature, depth and salinity corrections were applied
(Fig. 2). No attempt was made to correct the salinity data for spike errors introduced by the tem-
perature compensating circuitry. The manufacturer’s suggested correction for these errors in salinity
cannot be applied without knowing the temperature coefficient of conductivity for different salinities
(PINGREE, 1969). Exact lowering speed of the instrument package and effects of distance between the
compensating sensor elements and the conductivity sensor (GAuL, 1968) also affect the validity of
this correction. Dynamic computations are based on interpolated standard level data from the
downtrace of each station, which were visually examined for such erroneous excursions before being

accepted.

Water characteristics

The upper 1000 m of the section (Figs. 3, 4) have the strong stratification typical
of this subtropical region. In the upper 100 m there is a secondary thermocline with a
temperature range of 19°-25°C and a main thermocline from 500-1000 m with
temperature ranging from 6° to 16°C. Between them is a more homogeneous layer
which, from the temperature/salinity relation, appears to be part of the ° 18°C
water > (WORTHINGTON, 1959). The main halocline (Fig. 4) is coincident with the
thermocline.

Potential temperature (°@) (Fig. 5) was calculated for the section below 2500 m
to delineate the structure of the deep and bottom water. The deep isotherms (°©)
tend to parallel the bottom topography, particularly across the Blake-Bahama Outer
Ridge, whose influence on these isotherms can be seen as shallow as 2500 m. The
strong horizontal temperature gradient near the primary ridge is similar to that
observed on the continental margin of the eastern United States (SwALLow and
WORTHINGTON, 1961) and the continental slope off Argentina (WUst, 1933), and
must be indicative of strong currents.

The area of the @/ curve (Fig. 6) centered at about 3-5°C and at approximately
2000 m where the temperature drops with little change in salinity, can be traced to
Labrador Sea water (salinity minimum at 3-5°@; WORTHINGTON and METCALF, 1961).
The inflection point below this layer can be attributed to the influence of the middle
North Atlantic Deep Water (WUsT, 1936), and the change in slope at 1:9°@ and
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Fig. 3. In-situ temperature profile, Gilliss-85, Stas. 2-24.
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Fig. 5. Potential temperature profile, Gilliss-85, Stas. 4-24 below 2400 m. Numbers at base
of each station location are deepest potential temperature values.

S = 34-99%, is the transition point between lower North Atlantic Deep Water and
Antarctic Bottom Water (WUsT, 1933). A measure of the reliability of this STD
data is its revelation of the potential density minimum (‘ potential” with respect
to the sea surface reference) typical of this area (Fig. 7) and associated with the tran-
sition between NADW and AABW (LYNN and REID, 1968).

The lower and middle North Atlantic Deep Water masses (WUsT, 1936) make up
the body of the deep water in the Blake-Bahama area. No influence of upper NADW
can be detected. The AABW content at the bottom varies from 129 to 209, using
WiUsT’s (1933) percentages (Figs. 7 and 8). The highest percentages of AABW
(15-209;) are grouped in three locations on the bottom: in the Blake-Bahama Abyssal
Plain, between the secondary and primary ridges, and in the Hatteras Abyssal Plain.

Geostrophic velocity determinations

Geostrophic velocities relative to zero at the surface (Fig. 9a) were determined
by the method described by DerANT (1961, p. 486). Because of the continuous nature
of the  observed > data, standard level intervals were closer than those normally
used. In addition, the interpolation errors for these standard levels were minimal
since the observed levels were seldom greater than 2 m apart.

The critical problem of selecting a reference level without aid of direct current
measurements was approached in two ways:

1. StoMMEL (1956) gave a numerical procedure for determining the level of no
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ating the maximum spread of these measurements. The composite 8/S curve of WORTHINGTON

and METCALF (1961) is indicated by a dashed line. Stas. 7 and 23 are indicated by a solid line

joining circled points (depths in hectometers). Opposing arrows indicate maximum spread of
VOLKMANN's (1962) observations.

meridional motion. Rearranging Stommel’s equation 11, the level of no meridional
motion is found when:

[s)
¢(z)-B=f¢(z)dz—§-F(a) )
—~B

where B = bottom depth
F (o) = net convergence of the Ekman wind-driven layer (MONTGOMERY,
1936)

f = Coriolis parameter
B = change of fwith latitude
and ¢ (z) = —§.,- %dz

—B
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which can be approximated by:

_ 8 Ap Ap '
7 2 [Ki)l%z T Al>B+z+AzJ Az

where g = acceleration due to gravity,

A . . .
—P) = change in density between two stations, AL apart at the standard
Btz

AL level B + z
and Ap) __the density change at the next standard level above the B + z
AL)Biztnz level.

The summation process begins at the bottom.

For this paper, F(¢) was taken from MoONTGOMERY's (1936, Fig. 1) diagram,
where drift current convergence is given for the North Atlantic in July. (The
Gilliss section was taken in May and June.)

2. DErANT’s (1961, p. 494) method for determining the level of zero geostrophic
velocity was also applied and compared to Stommel’s method (Fig. 9b). The
arrows on each relative velocity profile in Fig. 9a denote layers of little or no
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Fig. 7. Expanded potential temperature-salinity diagram, showing deepest observations at
Gilliss Stas. 1, 4-24 and selected stations below 3500 m to illustrate potential density minimum.
The hatched lines of equal potential density, ¢&, are in g/l., where o6 = 103 (0 — 1).



Water masses and circulation patterns in the region of the Blake-Bahama Outer Ridge 153

DEPTH (M)

DEPTH (M)

7
2000 p——y+ — — et

8 9 10 i 12 13 9 5 16 17181920 2% 22 23
b

) N 4
v

24

3000

4000

5000

8000

Fig. 8. Profile of Antarctic Bottom Water content of Gilliss Stas. 6-24.

STATION NUMBER
- S N R 90l B__K_ 5 16

19

20212223 24

1000

‘ i

7l Rl

—

3000

4000t

~1
0 20 40 CMSEC
SCALE

3000+

o STATION NUMBER

MR Tt

24

-~~~ STOMMEL

0 00 200 300 400 500 600
DISTANCE (KM)

0

1000

2000

{

3000

—4000

—5000

Fig. 9. (a) Geostrophic velocity profiles between station pairs numbered on top axis. Vertical
arrows indicate Defant reference zones. Horizontal lines intersect profiles at level(s) of no
meridional motion (from StoMMEL, 1956). (b) Location of zero velocity reference levels for the

Gilliss section.

velocity gradient. The zero velocity reference level is determined as lying any-
where in the layer of no velocity gradient. By examining the family of curves for
a section the most probable reference level for each profile can be determined.
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While the basic velocity cross-section does not change noticeably with the change
of reference level, the volume transport changes enormously. Stommel’s method
gives a net southerly transport of 3-8 x 108 m3sec™!, while Defant’s indicates a
northerly net transport of 31-4 < 108 m3 sec~!. Below both reference levels, there is
a net southerly flow (the Western Boundary Undercurrent): 39-8 x 108 m3 sec!
(Stommel), and 19-2 x 108 m3 sec™1 (Defant). Most of the difference comes from
station pairs where Stommel’s level is shallower than Defant’s and large areas of
negative (southerly) flow are indicated by Stommel’s method, while these areas are
close to zero or positive by the Defant reference level.

We have chosen to use the Defant level of no motion because volume transports
more closely agree with the historical water budget data of the area. However, the
disparity between the two procedures clearly points out the need for a reference based
on direct current measurements in conjunction with a hydrographic section such as
the present one.

The velocity profile (Fig. 10) is shown in box diagram form rather than a contoured
profile, since the calculated velocities are average values between station pairs. Over
a sloping ocean floor the deepest calculated velocity is considered to remain constant
to the bottom. Three areas of high bottom velocities are found across the section:
(1) on the Blake Escarpment, (2) and (3) on both sides of the primary outer ridge.
On the eastern flank of the ridge, where the main body of the WBUC might be
expected to flow bottom velocities are approximately 25 cm sec™1.

Other bottom velocities of similar magnitude have been observed in the western
North Atlantic Basin: 17 cm sec! for 16 hr at 5200 m (KNAUSS, 1965, using a current
meter); 20 cm sec™! at 3300 m, 17 cm sec™t at 3500 m (SwaLLow and WORTHINGTON,
1961); 15 cm sect at 4000 m (VOLKMANN, 1962); 10 cm sec™! at 3000 m (BARRETT,
1965); the last four measurements being geostrophic velocities computed using
Swallow float data for reference.

The deepest geostrophic velocities perpendicular to the Gilliss profile agree in
principle with the relative current speed and directions deduced from oriented bottom
photographs (Fig. 11) lending support to the hypothesis that the Western Boundary
Undercurrent is a ‘ contour’ current (HeEezeN, HOLLISTER and RUDDIMAN, 1966).
Reversals in direction are found on either side of both crests of the ridge system. On
opposite flanks of the primary ridge where the bottom currents are swiftest, the very
similar characteristics of water (Fig. 7) flowing in opposing directions add credence
to this proposal.

Table 1. Volume transports computed for the Gilliss section.

Provinces

Transport Dir.

1 2 3 Totals
Surface N (+) 390 125 32:0 83-5
1o S(-) 12-1 124 252 52-1
bottom Net -+ 269 + 01 + 68 + 31-4
Below N (+) 91 69 0-6 166
reference S(—) 96 37 22:5 35-8
level Net - 05 432 - 219 — 192

Provinces: 1, edge of Blake Escarpment to secondary ridge crest; 2, between two ridge crests; 3, east
of primary ridge crest.
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Volume transports

The volume transports (Table 1) have been determined for three topographic
provinces (see Fig. 11): (1) from the Blake Escarpment to the secondary outer ridge;
(2) between the secondary and primary Blake-Bahama outer ridges; and (3) east of
the Outer Ridge.

The bulk of the WBUC continues to flow south along the eastern flank of the
primary ridge as might be expected from a contour-following current, due to regional
topography. In the depression between the two crests the northerly transport exceeds
the southerly. In fact, from the main ridge crest to the Blake Escarpment the northerly
deep transportis 7 + 9 = 16 x 108 m3 sec! and the southerly 10 + 4 = 14 X 106 m3
sec™l, leaving 2 X 106 m3 sec! to the north to be accounted for. This is most likely
an error in transport values or perhaps a loss of upward flow across the reference
level (STOMMEL, 1956; ROBINSON and STOMMEL, 1959). In the Blake-Bahama Basin,
west of the secondary ridge, where the sea floor is deeper than that to the east of the
ridge, the northerly and southerly deep transports are 10 X 105 m3sec! and
9 x 108 m? sec71, respectively. The AABW content of Stas. 7 and 8 (Fig. 7), and the
bottom potential temperature distribution indicate that AABW enters the Blake-
Bahama Basin as well as the Hatteras Abyssal Plain (WUst, 1933; HEEZEN and
Fepukowicz, 1961), while current directions indicate that a cyclonic circulation
pattern occurs within this basin (Fig. 11). Bottom velocities of up to 10 cm/sec
could be an important factor in determining the dispersal of any nerve gas leaking
from containers now on the bottom there.

AABW contributes significantly to the main southerly flow of the WBUC east of
the primary Outer Ridge (Fig. 8). This would necessitate a return flow of AABW
that enters the North American Basin (HEEZEN, SCHNEIDER and PILKEY, 1966). A
western deflection of AABW probably occurs north of 35°N in the province of the
lower continental rise hills that separates the Hatteras and Sohm Abyssal plains.
The flow of AABW is considerably weakened at these high northern latitudes, and the
minor relief of the abyssal hills may be sufficient to deflect the current to the west
and south. Entrainment by the swifter WBUC, composed mainly of NADW at this
latitude, could cause this water mass to increase in velocity and become a component
of the Western Boundary Undercurrent (Fig. 12). Lappo (1963), using Mikhail
Lomonosov, Crawford and Hidalgo data, shows (his Fig. 1c) a cyclonic circulation
in the western North Atlantic Basin below 4000 m.

Previous estimates of the transport of the WBUC (Fig. 12) vary widely and differ
from the present computations. Several reasons for these differences may be cited:

1. The determination of an eastern (or southern) boundary is not definite in any
of the sections. The assumption has been made that at some point to the east (or
south) the current velocity is zero at the bottom. Recently, ROWE and MENZIES
(1968) suggested that the WBUC may be fragmented and separated by areas of
tranquil bottom resulting in possible underestimated volume transports in previous
works.

2. The horizontal extent and the maximum depth of the different sections vary
considerably; e.g. the BARRETT (1965) sections extend 100 km out to the 3500 m
isobath, while VOLKMANN (1962) includes an area 280 km horizontally out to the 4800 m
isobath. Thus, Barrett does not include large areas through which the WBUC
may be flowing in computing his transport estimates.
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Fig. 12. Transport of the Western Boundary Undercurrent compared to previous determinations.

3. The Volkmann sections show no layer of zero velocity (except directly under
the Gulf Stream), and an arbitrary cut-off at 1400 m has been made in determining
transports. Volkmann, assuming uniform velocity of 10 cm sec™? above 1400 m,
shows that, if the WBUC extended to the surface south of Cape Cod, the transport
would be 94 < 108 m3 sec™? for the 1959 section.

4. Swallow and Worthington, Barrett and Volkmann all used neutrally-buoyant
floats to find a reference level. The methods of extending the reference level to
station pairs where direct observations were not available were different in these
sections.

5. Measurements cannot be considered synoptic, as they were taken from March
(Swallow and Worthington) to October (Barrett).

In considering the transport above the reference level for the entire Gilliss section,
we find 50 x 108 m3 sec! flowing to the north. If this represents the Antilles current
(CosTiN, 1968), we arrive at 82 X 108 m3sec™! (adding 32 < 108 m3sec? for the
Florida current, from ScHMIDT and RICHARDSON, 1968) for the Gulf Stream. This
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Fig. 14. Schematic structurc of the bottom homogeneous layer. Key to Table 2.

Table 2. Near-bottom thermal gradient measurements.
(Refer to Fig. 14)

*df

Sta. dz (°C X 103 m™) H; H Ts z Latitude

No. a b c (m) (m) o) (m)
GI-85-1 0-2 13 0 16 68 002 4377 33°N
GI-85-8 0-4 31 0 8 110 0-03 5029 30°N
GI-85-9 0-2 1-4 01 14 83 0-02 4639 30°N
GI-85-12 02 14 0 16 49 0-02 4544 30°N
GI-85-13 0-2 16 0 16 19 0-03 4520 30°N
GI-85-14 02 2:5 0 17 41 0-04 4459 30°N
GI-85-18 0-4 29 0 7 24 0-03 3776 30°N
GI-85-19 0-2 1-8 0 11 104 0-02 4154 30°N
GI-85-23 0-8 2:5 01 8 25 0-02 5410 31°N
GI-85-24 0-S 33 01 9 21 0-03 5444 31°N

*All finite gradients are negative.

compares favorably with the 100 x 108 m3sec™! recently estimated by WARREN
and VOLKMANN (1968) further north, assuming additional water is entrained in the
Gulf Stream north of the Gilliss section.

Bottom isothermal layer

At several stations a homogeneous layer of relatively cold, fresh water, varying in
thickness between 20 and 170 m, was found at the bottom (Figs. 13 and 14 and Table
2). This stratum was separated from the water above by a thin layer in which the
thermal gradient was considerably steeper than the normal gradient of the deep
water. A similar feature was found at a single Gilliss station (No. 1) at 33° 24'N,
74° 24'W, some 300 km to the north of the section under discussion. The temperature
and salinity changes near the bottom shown by the STD were verified using the
command sampler. Isothermal layers were found at the bottom at most other locations
(notably Sta. 6) sampled, but these were not capped by a relatively large temperature
gradient. Although the magnitude of this structure is small, it is unusual to find any
such changes in the water column at these depths. At Sta. 14, for example, a 0-04°C
drop in temperature occurs in 17 m near the bottom, while above that the same change
takes place in about 600 m. Two explanations of this phenomenon are:
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1. A homogenecous water mass is flowing beneath another water mass for a
considerable distance, and intermixing of these two masses is restricted by the stable
layer which forms their mutual boundary.

2. A turbulent boundary exists at the bottom, causing a mixed (homogeneous)
layer whose thickness is dependent upon the roughness of the bottom topography
and the magnitude of the current. A similar layer is formed in the lower atmosphere,
where the velocity profile within the boundary layer can be shown to be a function of
surface roughness and layer thickness (RossBy and MONTGOMERY, 1935).

1. Bottom water mass

A homogeneous layer was found at the bottom at every deep station although it
was not always capped by a stable layer. The large area and different types of bottom
terrain over which this stratum was detected indicate that it may be an extensive
feature in the western North Atlantic Basin. Such microstructure could have been
previously overlooked due to the paucity of deep, continuous measurements in the
area.* The homogeneous layer has more AABW characteristics (low temperature
and salinity) than the water directly above. With the exception of Stas. 18 and 19
on the primary Outer Ridge, the mixed layers that have a distinct upper boundary
are found in the depressions crossed by the section (Fig. 8) where water of greatest
AABW content is found. However, the top of the mixed layer does not represent a
transition between AABW and NADW. AABW influence is seen up to 1000 m above
the bottom in the entire deep portion of the section (Fig. 8). .The layer may be a
product of the proposed confluence of AABW and NADW after recirculation in the
western North Atlantic Basin. Mixing with the water above is retarded by the relatively
stable cap and thus it maintains its identity for relatively long distances downstream
of the confluence.

High thermal gradients and isothermal layers close to the bottom have been
found in the Atlantic (GERARD, LANGSETH and EwiING, 1962) and Denmark Strait
(LACHENBRUCH and MARSHALL, 1968) using a heat-flow probe (thermograd) attached
to deep-sea coring apparatus.

Another deep-ocean phenomenon associated with bottom circulation is the
striking increase in suspended matter (the nepheloid zone) in the water towards the
bottom (EWING and THORNDIKE, 1965 ; THORNDIKE and EWING, 1967). Light-scattering
measurements on the Blake-Bahama and Antilles Outer Ridges occasionally show a
thin, clear layer on the bottom below the normally sediment-laden nepheloid zone
(ErrTREIM, EWING and THORNDIKE, 1969). According to these authors, the nepheloid
layer of Sta. C11-1961 (VEMA Gap) is associated with the Antarctic Bottom Water
and is less intense than at nearby stations to the southwest, due to the AABW having
deposited much of its sedimentary load by the time it reaches that latitude. The
remarkably clear, thin bottom layer of Sta. C11-195 (Antilles Outer Ridge) and
similar, but less pronounced, layers of Stas. C11-201, 203, 204 (Blake-Bahama Outer
Ridge) may then be water of higher AABW percentage after it has been recirculated
and may be related to the cold layers under discussion.

*Even using the STD, some of the thinner layers would have been missed if the bottom-finding
pinger had not been used, due to the depth discrepancy mentioned previously.
¥R /V Conrad, Cruise 11, nephelometer stations.
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2. Turbulent boundary layer

The RossBY and MONTGOMERY (1935) theory attempts to explain the lower
turbulent boundary layer in the atmosphere with application to the ocean. At the time
of the Rossby-Montgomery paper, strong near-bottom currents in the deep ocean
had not been discovered, but they state that their treatment can be applied to the
ocean as well as the atmosphere.

The equation governing the thickness of the lower boundary layer (homogeneous
layer) is given by:

H =246 — T2\ (equation (33) RossBY and
Sin L - log (JL«_") MONTGOMERY, 1935)

where z, is the roughness coefficient and is related to the actual relief by the
empirical equation z, = ¢/30 of PRANDTL (1932) (e = actual relief).

Wa is the velocity at height z, from the bottom and L is the latitude.

x107! x100 Zxoxo}cm) x102 X102
4 1 3 4 67 | 2 3 48587 | 2 3 4567 | 2 3 4567 2 3
140 140
n ] |
120 ™~
N —120
'\\\ i i
'°°-\‘ \H H=I50m FOR LATITUDE|||30° dioo
\‘\\,\ i
sof- Bn ~ s
I N H80 &
'\\\ N\H, E
of- T2 T~ oS
- ™~
| ™~ \{\ I
40p Tt n A N 3
M —_| I~ NN - 40
t~t44d]H= 50m I~ \
N
20} [+ TH ™~
L L2 N 20
T T —— H= 20 m LT~
l R g A
[+] Suas - 0

Fig. 15. Velocity at top of turbulent boundary layer (Wx) as a function of bottom roughness
parameter (zo) for layers of different height (H) at latitude = 30°.

A graphic representation (Fig. 15) of the above equation, substituting Wx (velocity
at top of layer H-meters thick) for W, shows that to obtain a realistic Z, (assuming
the PRANDTL (1932) relation is valid), either Wy should be much greater than the
computed geostrophic velocities or H smaller than observed here. Z, values computed
for the Gilliss stations (Table 3) are orders of magnitude larger than those found at
land surfaces in RossBY and MONTGOMERY (1935).

Several problems arise in using geostrophic velocities as an approximation of Wy
geostrophic velocities are computed between station pairs, while the bottom layer
is observed at the station locations. We can either interpolate the height of the bottom
layer to the center position between station pairs or interpolate the velocity to the
location of the observed layer. The former seems unrealistic, as a layer is not found
at all station locations and the latter introduces problems where adjacent velocity
directions are opposite and interpolation produces close to zero velocity at the
station location. The latter method was used for Table 3. A sloping ocean bottom
between many stations introduces further uncertainty in the value of Wy used here.
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Table 3. z, calculations compared to qualitative bottom roughness estimates for Gilliss

stations. '
Sta. Wu* H Depth Bottom Computed Bottom§
No. of Wr depth z, type
cm sec™! (m) cale. (m) (m)
(interpolated) (observed) (m) (observed) (observed)

2 1 25 — 1069 — A

3 -7 68 1420 1614 31 C

4% —11 100 2032 29067 40 C

6 — 16 450 3458 5013? 900 A

7 + 6 135 4942 5045 205 A

8% + 8 110 4877 5029 86 AB

91 + 5 83 4670 4849 85 . B sinusoidal
10 + 3 97 4557 4641 231 B sinusoidal
11 — 2 0 4500 4588 — B/D sinusoidal &

fuzzy hyperbolae

12% - 2 49 4500 4544 83 AB broad undulations
131 + 1 19 4457 4520 23 AB slightly fuzzy
141 + 6 41 4260 4459 10 AB slightly fuzzy
15 + 2 169 4243 4388 1207 AB slightly fuzzy
16 + 12 140 4073 4272 85 B fuzzy

17 + 12 145 3805 4011 94

181 + 2 24 3700 3776 15 AB
193 — 18 104 3841 4154 17 B hyperbolic
20 — 26 146 4233 4627 22 B small sinusoidal
21 —22 134 4697 5073 33 B large hyperbolae
22 0 153 5100 5262 —_— AB slightly fuzzy
23% 0 25 5296 5410 — A
24 t 21 — 5444 — A

*Velocity interpolated between adjacent determinations.

+No interpolation possible.

IStations shown in Fig. 13.

§Regional echo sounder characteristics with local microtopography: A = coherent; B = hyper-
bolic echoes; C = incoherent or ‘ fuzzy *; D = fuzzy hyperbolic echoes.

Qualitative estimates of bottom roughness are made by examining PDR records
at the approach to each station. The bottom types (Table 3) are derived from the
report of BRYAN and MARKL (1966). Where necessary, combinations of types are
given. Quantitative data on local bottom relief are scant. Sand ripples contoured by
stereographic photo techniques (SCHULDT, Coox and HALE, 1967) have a relief of
approximately 3 cm, which would give a z, of 0-1 cm. BRYAN and MARKL (1966)
give a one meter amplitude for lateral sand waves from bottom photographs
(zo = 3 cm). Recently, ZHrrovskiy (1968) has reported measuring small mounts
3-5 m high (z, = 10-17 cm) and 150-200 m in length in 5000 m of water, using a
deep-towed transducer. The normal echo sounder record was coherent at the same
location and did not show these undulations.

While the turbulent boundary calculations do not seem to support this inter-
pretation of the bottom layer, the following uncertainties must be considered before
eliminating this theory: (1) validity of PRANDTL’s (1932) z,/e relationship in the
ocean; (2) difficulty in assessing ocean floor roughness; (3) lack of direct velocity
measurements. Table 3 does show a general increase in H with increase in Wx but
no satisfactory relationship can be established from this. A graphic representation of
deepest geostrophic velocity and thickness of bottom layer is included in Fig. 10.
LACHENBRUCH and MARSHALL (1968) consider that turbulent mixing caused by
bottom effects on deep currents produces the layers in the Denmark Strait, some of
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which they find to have a horizontal extent of > 150 km. Using their assumption
that turbulent mixing will not be suppressed by density stratification if the Richardson
number is << 1, velocities of 4-10 cm/sec are computed for a 150 m thick homo-
geneous layer and agree much closer with the geostrophic velocities than with the
Rossby-Montgomery calculations. These values are lower than those calculated for
the Denmark Strait due to the smaller potential temperature gradient of the deep
water in the Blake-Bahama region.
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