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LBSRACT

¥nic work presents the results of research on Ttopo-
sraphleally generated mesoscale eddies in the region of the
Grappler and Whiting Seamounts which are located 22km south-
cast of uerto Rico. Three different data sets were used:
1) site specific nydrographic data, 2) satellite images from
TIROS/NOAA, Landsat and Skylab satellites, and 3) free-
drifting drogued-buoy tracks. A reference current meter
vtation was established at the Benchmark B OTEC site (17°
27.3" N, 65° 51.5" W), at & depth of 20 meters. Predictions
Trom numsrical and analytical models were tested using the
c.i2 rspecific data and then compared to experimental re-
#ults. The hydrographic and drogue data definitively estab-
lish the presence of perturbations over the seamounts which
are qualitatively consistent with model predictions. Closed
centour regions in the distribution of dynamic heights, tem-
perature, salinity and dissclved oxygen were found in the
zce and subsurface waters above the top of Grappler Sea-
mount.  Horizontal flow perturbations, detected down to 100m,
prcbably extend deeper. Whiting Seamount's effect was de-
tected in the depth range from 200-300m, also near its top.
Two distinet warm and cold regions were detected over this
seamount. A cyclonic eddy-like feature located close to
Grappler Seamount, in the satellite images, also suggests

that eddies are being shed from the seamount region.




KeSUMEN

1 este trabajo se irvestiga la formacidn de fendmenos
fildrodinimicos en las aguas ocednicas al sureste de Puerto

Rico 73 cuales son gencrados por los montes submarinos de

-

-

Grappl r y Whiting, ?2km al sureste de la isla. Se utili-
zarcn iLres téenicas diferentes en la recopilacién de datos:
1) mucstreo hidrogréfico, 2) fotos tomadas por satélites,

y 3D vrayectorias de boyas en la vecindad del Monte Grappler.
Je ocupd una estacién de referencia para la observacién de
as corrientes marinas en 21 punto llamado RBRenchmark B

(17° 57.3'N, 65° 51.5'W), a una profundidad de 20m. Las
predicciones de varios modelos numéricos fueron probadas

cen los datos hidrogrdficeos y topogréficos especificos para
el Zrea. El resultado de esta pPrueba fué luego comparado
con los productos grifices descriptivos creados en base

& los datos hidrogréficos, las fotos de satélite y las

m

travectord

o

de boyas. Los datos establecen la presencia

,_.
oy
g

de periurbaciones sobre los montes submarinos las cuales
gon consistentes con las predicciones tedricas. Sobre la
cima del Monte Grappler se observaron regiones circulares
(eddies) en la representacidn gréfica de las distribuciones
de la wnomalia geopotencial, la temperatura, la salinidad

v el oxfgeno disuelto en las aguas superficliales y cercanas
a la superficie. Ajustes en las trayectorias de las boyas

debido a la presencia del Monte Grappler fueron observadas




hasta una profundidad de 100m. E1 efecto producide por

cl Monte Whiting se detectd en profundidades entre 200 vy
300m, cerca de su cima. La distribucidn de los pardmelros
revela dos regiones diferente;, una de baja temperatura

y otra de alta temperatura (relativas al ambiente cir-
cundante) sobre este monte sﬁbmarino. Una estructura
similar a un "eddy" fué detectada en las fotos de satélite
al surceste del Monte Graoppler, su tamafio y posicidn son

indicativos de una posible asociacidn con el monte submarino.
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INTRCDUCTION

Oceanographic observations conducted during the last
decade (1970-1980) have established the role of underwater
Lopographic features as sources of flow perturbations in
the world oceans. The effect of islands, reefs, canyocns,
ridges, bumps (Charleston Bump), banks, seamount chains and
isclated seamounts in the generation of dynamic oceanic
variability at various space and time scales is well-docu-
mented in the scientific literature.

Oceanographic research conducted in-the Caribbean Sea
revealed the existence of mesoscale eddies in the oceanic
envircenment south and southeast of Puertc Rico (Fornshell
and Capella, 1981). These eddies, with length scales in
the order of 20km, were observed in the vicinity of the
Grappler and Whiting Seamounts. The possible relationship
between these mesoscale eddies and the seamounts became
quite evident in spite of the fact that the hydrographic
station spacing utilized was too large to conclusively
establish such a relationship.

As a continuation of the previous study, the objectives
of this work are to answer the following guestions:

1) Are the Grappler and/or Whiting Seamounts
generating detectable perturbations?

2) If so, what kind?




3) How does the answer to (1) and (2)
compare with theoretical predictions?

To answer these guestions a field data set was ob-
tained to allow us to approach the first guestion in a
variety of ways. The data set‘consisted of: 1) closely
spaced hydrographic data from the seamount reglion, 2) satel-
lite images for the area, and 3) buoy drifter trajectories
near érappler Seamount. These data provided a detailed
oceanographic description of the seamount region. The para-
metric predictions from the theoretical models of Hogg
(1973), Huppert (1975) and Huppert and Bryan (1976), which
are based on Taylor column theory regarding the formation of
closed streamline regions (Taylor columns or eddies) by
seamounts, were then tested against the field data; the
outcome was then compared to the descriptive data from the
seamount region.

The characterization of dynamic perturbations generated
by the Grappler and Whiting Seamounts is of practical
importance in relation to the establishment of an OTEC
(Ccean Thermal Energy Conversion) prlant anywhere in Puerto
Rico's south coast. Changes to the thermal resource avail-
able to an OTEC plant could affect the criteria for its
establishment; seamounts are known to generate perturbations
in the temperature field. These seamounts are close enough

to shore (22km from Punta Tuna) as to be potentially important

thru the advection of nutrients, pollutants and plankton




along Puerto Rico's south coast, in affecting the insular
shelf environment and circulation. These seamounts are also
important fishing grounds, specially the Grappler Seamcunt,
whose yield could also be related to the environmental

changes produced by the dynamics of seamount-flow interactions.




LITERATURE REVIEW

Most observations of dynamic perturbations associated
with seamounts and other topographic features have been
interpreted in terms of Taylor column theory (Hogg, 1973;
Huppert, 1975; Huppert and Bryan, 1976; Vastano and Warren,
19765 Eide, 1979; Owens and Hogg, 1980). & Taylor column is
the stagnant region formed over an obstacle immersed in a
homogeneous, slow moving fluid in a rapidly rotating system.
The flow is divided by the obstacle into two symmetric
branches with the region in between remaining motionless
all the way to the surface (Davies, 1972). Such a feature
was first experimentally created by Taylor (1923).

Although the theory explaining Taylor column formation
in homogeneous fluids dates from early in this century
(Proudman, 1916; Taylor, 1917), observations of related
phenomena in nature were few and ambiguous before 1970.
Creation of Taylor columns in the laboratory is a classical
experiment in fluid dynamics; the theory evolved from the
simple case of homogeneous flcws to the more realistic case
of stratified flows and beta (B) effects (Hogg, 1973;
Huppert, 1975; McCartney, 1975). The theory became popu-
larly known through attempts by Hide (1961) to explain
Jupiter's red spot as a huge Taylor column (a term he es-
tablished). Recent interest in Taylor column theory arose

from attempts to explain the highly variable deep currents




reported by Swallow (1560) using neutrally buoyant floats
(Huppert and Bryan, 1976). These currents were thought of
a@s originating from flow-bottom topography interactions.

Other theories have been proposed to explain the
formation of eddies by seamoun£s. Eide (1979) discussed
the possibility that clockwise polarized oscillating cur-
rents could induce circulation around a seamount while the
storaée of tidal energy could account for the cold dome
over it. Lack of adequate tidal (and non-tidal) current
information for the region does not allow for the testing
of these theories in our study site.

The first set of observations that definitively estab-
lished the existence of a Taylor column in the ocean was
provided by Owens and Hogg (1980) for an unnamed seamount
in the recirculation region of the Gulf Stream. Thru the
use of hydrographic and long-term current meter data they
established a correlation between the density field pertur-
bation and the generation of negative vorticity (anti-
cyclonic motion) over the seamount. Previous oceanographic
observations only suggested the presence of such a phenomena.
Defant (1940) reported on hydrographic and current meter
data in the region of the Altair Seamount, an extinct sub-
marine volcano north of the Azores. An upward displacement
of the isotherms over the extinct volcano was interpreted

as originating from a cyclonic eddy whose speed decreases

towards the bottom. If the assumption is made of increasing




speceds with depth then the sense of rotation changes and
the results agree with Taylor column theory. We must
remember that in Defant's time the concept of slow noving
deep water was still prevalent,

Vastano and Warren (1976)zinterpreted eddies, observed
in potential temperature contcurs in the vicinity of the
Atlartis II Seamount, in terms of Hogg's (1973) theory
ailthough they acknowledged the lack of definitive evidence
to prove it. Eide (1979) presented hydrographic and current
meter data collected arocund Halten Bank, on the Norwegian
continental shelf. A ccld dome found over the bank is also
interpreted in terms of Hogg's (1973) and Huppert's (1975)
theories although the current meter data were not adequate
to describe any type of circular motion.

Perturbations in the vieinity of seamounts have also
been observed in the Emperor Seamount Chain, in the Kuroshio
Extension (Roden, et al., 1982), the coast of Alaska
(Tabata, 1982) and in the North Pacific (Royer, 1975).

Urifter trajectories near the New England Seamocunt
Chain, and nearby seamounts, have shown both cyclonic and
antlicyclonic motions which are undoubtedly associated with
the seamounts (Richardson, 1981; Schmitz, et al., 1981):
The lack of synoptic hydrographic data made 1t impossible
to determine the structure of these rotating regions.

No 1nvestigation on the dynamics of seamount-flow

interactions had been conducted in the Caribbean Sea pre-

vious to this work.
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SITE DESCRIPTION

A. Physical Description of the Grappler and Whiting Sea-

mounts and the Major Topographie Features in the Area.

Grappler Seamount is a mountain-like feature which
rises almost 1400m above the sea floor on Puerto Rico's
southern insular slope. Its long axis measures 9.5 km and
its short axis is 2 km in length at the 100m depth contour.
At a depth of 500m the dimensions are 13 and 5 km in length,
respectively., The smaller, more radially-symmetrical
Whiting Seamount is east of Grappler Seamount. Its di-
ameter is 4 km at a depth of 500m. Figure 1 shows the
bottom depth contours for the area, Figure 2 shows amagni-
fication of the seamount region.

Grappler Seamount rises to a depth of less than 100m
from the surface (70m is the observed minimum); the Whiting
Seamount to a depth of about 200m (218m is the reported
minimum). They are bounded on the north by the Whiting
Basin which is very flat at 2000m in depth (Goldman, &% Bl g,
1379). Further to the north is the island of Puerto Rico
(22 km to Punta Tuna) and the Virgin Islands Passage. To
the west and south is the insular slope which plunges down
to the Venezuela Basin at an angle of about 4 degrees. The
Virgin Island Basin and the island of St. Croix, to the

east, lie at the southern limit of the Anegada-Junsfern
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Passage, the only deep water channel in this part of the
Caribbean (Metcalf, 1976).

Figures 3a, 3b and 3¢ show seismic profiles taken
acrcss both seamounts for the lines indicated in Figure 3d.
As can be seen in these profiles both seamounts rise f{rom
the southern boundary of the Whiting Basin. Their elevation,
relative to the basin floor, would be closer to 2000m than
to tﬁe 1400m average depth. It is also important to notice
the steep, flat, asymmetrical shape of the top of Grappler
Seamount (like that of a guyot) versus the smooth, symmetrie
shape of Whiting Seamount. Due to their different shapes
both seamounts could interact differently with the waters
moving over them. Figure 4 shows a depth sounder trace
taken on the R/V SULTANA over Grappler Seamount on a north-
scuth direction near its center. Even at this high resolu-
tion the top of the seamount is remarkably flat and the

edges are very steep.

B. Water Masses

The water mass structure of the north-eastern Caribbean
Sea has been described by several investigators (Wust, 1G6U4;
Sturges, 1965; Gordon, 1967; Atwood, 1976; Nelepo, 1976
and Morrison, 1982). Recent results from the Center for
Energy and Environment Research (CEER) investigations repre-
sent the most detailed effort at describing the oceanic

environment south and southeast of Puerto Rico. The water
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mass description cited here is based on preliminary a-

nalyses of seven CEER cruises during January, March, May,

15

July, September and November 1980 and February 1981 (Ldpez,

et al., 1981).
Wust's (1964) framework which‘has come to be accepted as

the standard by most subsequent investigators referenced

above.

Data from these cruises are fitted into

The water column south and southeast of Puerto Rico is

regarded as being constituted of six main layers (see

Figure 5) having the following characteristics:

1.

The Caribbean Surface Water (or Surface
Mixed Layer) is a homogeneous water mass
which occupies the region above the sea-
sonal thermocline. This thermocline is
best defined in terms of a steep temper-
ature or density gradient whose depth
varies seasonally. Figure 6 shows the
thermocline depth versus time. The
greatest thermocline depths were found
in January-March {>90m); the shallowest
depths were found in September (<25m).
An inshore-offshore gradient was found
in all seven CEER cruises with mixed
layer depths decreasing in the offshore
direction. This fact is due to the aé—

cumulation of waters, by wind stress, in
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this region of the Cariblean Sea
(Gordon, 1967; Atwood, 1976).

Surface salinity values show a
maximum during March-May and a mini-
mum in September. &his has been well-
documented and is related to the
Amazon-Orinoco River discharge
(Froelich and Atwood, 1976; Worthem,
et al., 1976). Sigma-t, salinity and
temperature variations follow thé same
seasonal pattern with sigma-t maxima
occurring as a function of maximum
salinity and temperature minima, and
vice versa. '

Dissolved oxygen values were found
to be higher during January-March and
lower in July-September. A subsurface
maximum around a depth of 75m was pres-—
ent during the May—July—September cruises.
This maximum is associated with the
chlorophyl maximum and generally oc-
curs below the thermocline. Inshore-
offshore gradients (or discontinuities)
were observed in dissolved oxygen and
salinity concentrations but those pat-

terns are not clear yet.
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A Subtropical Underwater (SUW) mass 1is
defined by a salinity maximum core of
37-00°/50 at around 125m in depth. 1In
this layer salinity values increase in
the offshore direction.

The Sargasso Sea Water (SSW) core was
defined by Kinard, et al. (1974) as
having 36.5°/,, salinity, 18°C temper-
ature and 4.4 ml/L maxima in dissolved
oxygen. This water mass was found at
depths between 250-275 meters.

A Tropical Atlantic Central Water (TACW)
is characterized by a dissolved oxygen
minima (<3.0 ml/L) which was found

very close to a depth of 675m at most

of the monitcred stations.

The Antarectic Intermediate Water (AIW)
is identified by a salinity minimum of
34.8-34.9°/,, at a depth of approximaiely
800m.

North Atlantic Deep Water (NADW) mixing
with AIW is responsible for the salinity
and dissolved oxygen concentration in-
crease found at a depth of 1000m. Tﬁis
mixture extends all the way to the bottom

and, owing to certain changes oceurring




in the Venezuela Basin, has been re-
ferred to as Venezuela Basin Water
(VBW) (Atwood, 1976).

The Caribbean Surface Water is by far the most variable
of all water masses described‘above. Low frequency varia-
bllity was found in the deeper layers but this has not been
fully investigated. 1In a composite diagram of sigma-t
vershs depth for all CEER cruises most of the change 1is
concentrated in the upper 300m (Figure 7).

A strong internal wave field is present in the Beneh-
mark area. Figure 8 shows a typical isotherm depth versus
time plot obtained thru a XBT time series during the
September (1980) CEER cruise. These internal waves
generate variability in the depth distribution of all water
mass properties, at a fixed spot, which must be taken into

account before spatial variability can be ascertained.

C. Currents and Circulations

The mean, long-term motion of Caribbean Sea waters
at the study site is towards the west-southwest, at all
depths above approximately 1000m. Waters deeper than
1000m oscillate on an easf-west axis imposed by the bathy-
metry of the Jungfern-Anegada Passage, the only deep water
passage in the northeastern Caribbean Sea (Wust, 1964;
Gordon, 1967; Atwood, 1976; Metealf, 1976; Molinari, et

al., 1981; Morrison and Nowlin, 1982). Great variability
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has been observed in currents at all depths with flows

towards all compess bearings reported for the study regilon.
The main driving force of surface and subsurface

waters is the Northeastern Trade Wind Belt, which is one

of the most persistent wind régimes in the world.




MATERIALS AND METHODS
A, Seamount Hydrographic survey

The survey was conducted from the R/V CRAWFORD during
October 15-16, 1981. The purpose of the cruise was to
obtain a detailed description of the water mass and density
structure of the waters around the seamounts. A grid of
fifty hydrocast and/or XBT {expendable bathythermograph)
stations were occupied; thirteen stations were hydrocast+
XBT stations and the rest were XBT stations (Figure 2).

The stations were spaced 5 km apart in a 900 km area
extending 15 km to the west, 10 km to the east and 10 km
perpendicular to a line drawn through the center of both
seamounts. This configuration was chosen due to the ract
that both seamounts were adequately covered at a scale
comparable to the length scale (radius at the base) of the
smaller seamount (5 km). The entire grid was completed in
38 hours. A list of all station positions is given in
Appendix A.

The instruments and techniques described below are
almost similar to those used during the seven CEER cruises.
Specific differences between both sampling strategies will

be pointed out.
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. Hydrocasts

Thirteen hydrocast statiocns were occupled during the
cruise (Figure 2). Five-liter Niskin bottles were po-
sitioned at nominal depths of 0, 10, 25, 50, 75, 100, 125,
150, 200, 2505 300, hoo, 500, 650, 800, 1000 and 1500
meters. This depth arrangement is similar to the one used
during the CEER cruises with the exception of the 1500m
bottle which was added to establish an adequate reference
level for the dyramic computations. All the water masses
in the water column arc sampled with this arrangement and
the data should be congistent with previous CEER hydro-
graphic data,

Fach Niskin bottle was equipped with a rack for the
reversing thermemeters. Three deep sea reversing ther-
mometers, of recent calibration, went in each rack on
the bottles at nominal depths of 75 to 1500 meters. Two

of these thermometers were of the protected type and the

third one was unprotected. The shallow bottles (0 to 50
meters) carried only two protected thermometers. The
temperatures obtained in this way are accurate to 0.02°C;
the depth estimates are accurate to less than 5 meters at
a depth of 1000 meters.

Water samples from each bottle were analyzed for
salinity and dissolved oxygen. Salinity was determined

using a Hytech, Mcdel 620, Inductive Salinometer with an




acceuracy of 0.003%/s0. Dissolved cxygen was determined by
the Winkler method as revised by Carpenter (1965) and
modified by Anderson (1971). Measurements are accurate to

0.02 milliltiters/liter.

2. Expendable Bathythermographs (XBT's)

A Sippican Expendable Bathythermograph System R-603
was ésed to obtain temperature vs, depth profiles to de-
termine the water column temperature structure around the
seamounts. Two complete systems were employed during the
crulse, one system used T-7 probes which reached down to
80C meters in depth and the other system used T-5 probes
which went as deep as 1500 meters. Both sets were cali~
brated before and after the cruise snd both functioned
correctly. Figure 9 shows the distribution between the

deep and shallow probes for the occuplied stations.

3. Hydrographic Data Analyses

Hydrographic data from the survey were processed with
an Apple II mini-computer. Software was developed to ob-
tain final values from the raw data, to interpolate these
data to standard levels, and to calculate all derived
Quantities (sigma-t, specifiec volume anomaly and geopo-
tential anomaly). Appendix B gives all the formulas used
for these calculations, together with all relevant infor-
mation and references. XBT data were manually extracted

from the records for all standard levels.
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The final product of the analyses 1s a set of contcur
maps at all standard depths for each of the following para-
meters: salinity, thermometric temperatures, XBT temper-
atures, dynamic heights (referenced to-the 1000, 800 and
500m depth levels) and dissolﬁed oxygen. An estimate of
the variability of a given parameter at all standard levels
was obtained from CEER Benchmark data. Multiple occupations
at Bénchmark B (Fig. 1) were executed during the seven CEER
crulses, four hydrocasts were performed during a 36 hour
period in each cruise. The sampling during the Seamount
Survey was conducted in 38 hours so the time interval under
consideration is approximately similar on all occasions.
The Seamount Survey was performed during October, 1981 so
Benchmark data from the September and November 1580 cruises
were utilized. These dats were interpolated using the same
methods as for the Seamount Survey data and the sample
variances among the four values at each level were calcu-
lated. This Benchmark variance was compared to the vari-
ance calculated for each parameter, for each level, from
the Seamount Survey data in order to obtain a f-ratio
(Seamount var./Benchmark var.) (Sokal and Rohlf, 1969a3).
The f-ratios relative to September and Novembér {1980) are
included in each parameter contour map, as well as the
c¢ritical ¥ value for the appropriate degrees of freedom
in both the 95% and 90% confidence intervals (Sokal and

Rohlf, 1969b). A significant difference between the two
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variances (Seamount var. > Benchmark var. in This one tailed
test) will be that for which the f-ratio exceeds the criti-

cal F value at the chosen confidence interval.

B. Current Meters

On October 5, 1981 two InterOcean, Model 135, Savonious-
rotor type current meters were suspended from a moored
Landing Craft Utility (LCU) at the OTEC Benchmark B. The
two current meters were at depths of 20 and 200 meters for
a2 period of 24 days, which included the time interval during
which the Seamount Survey was conducted. At the time of
removal it was Tound that the meter from 200 meters had a
malfunctioning rotor so the speed data were useless (zero
speeds). The other current meter (20m deep) had functioned
properly.

The record from the current meter at a depth of 20m
was digitirzed manually, with data proints every ten minutes.
The resultant time-series was analyzed thru the use of the
OCEANS program developed at the Department of Marine
Sciences. This program performs a variety of basic sta-
tistical calculations on the data and also creates high
quality graphic products. The speed data were also sib-
Jected to a standard Fourier analysis in order to resolve

the different periodicities present in the record.
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C. Satellite Images

Forty-four satellite images, covering the seamount
area, were examined in search of seamount-generated effects.
Of these images, 22 were produced by satellites from the
ITOS-NOAA series; 11 are from Landsat and 11 are from Sky-
lab. Appendix C contains the I.D. number (for Landsat and
Skylab scenes), format, date and frequency range for each
image. This set is not by any means exhaustive 1n terms of
all suitable images available from these satellites, but it
is felt that the samplé is representative regarding guality,
area coverage and perspective.

ITOS--NOAA images were obtained directly from NOAA's
Satellite Data Services Division at Washington, D.C. These
images were requested for dates coincident, or close to, the
CEER cruises. The observations were made by the Advanced
Very High Resolution Radiometer (AVHRR) sensor on board the
polar orbiting satellites of the TIROS-NOAA series. The
AVHRR is a five channel iImaging device whose resdlution is
approximately one kilometer at the satellite subpoint.
Visible (channel 1, 0.62um) and infrared (channel 4, 11.0um)
versions of the same scenes were obtained in the form of
25-by-25 ecm black and white contact prints.

Landsat and Skylab images were requested from the U.S.
Geologic Survey's EROS Data Center at Sioux Falls, South

Dakota. A computer search was performed for the seamount
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area and a portion of the higher guality images was
selected. The most recent item on the listing was dated
1980. Apollo/Gemini products, aerial mapping and NASA
aerial photography were also included in this search, but
none of the images covered thé critical area. The photo-
graphic products were carefully examined thru a dissecting

binocular microscope.

D. DNR-NOAA Buoy Drift Data

During 1982 eight groups of window shade drogued buoys
were deployed and tracked for four days (96 hrs) each time,
off southeastern Puerto Rico. The drogues had a surface

2 and the buoys a surface area of 0.061 m2.

area of 1.86 m
Three of the groups were deployed at a depth of 200m, three
at 50m and two at 100m. Each group consisted of two drogues
at the same depth except for the eighth cruise when four
drogues were deployed. The buoys were tracked by the

R/V SULTANA, using the ship's radar to determine position.

Drifts from the first and last surveys are discussed in

this work as they entered the Grappler Seamount region.

E. Numerical and Analytical Models

The theories of Hogg (1973), Huppert (1975) and Huppert
and Bryan (1976) are used in this work: 1) to test their
parametric predictions regarding the formation of closed
streamline regions by an obstacle immersed in a rotating,

moving fluid, and 2) to compare their results for ideal
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conditions against our experimental findings from this
study. All these theories are based on the classic Taylor
column theory for homogeneous (unstratified) flows. Good
reviews on the development of this theory are found in the
Introductions to the above—meﬁtioned papers.

| N.G. Hogg (1973) developed an analytical model to
describe the effect of small, circularly symmetric topo-
grapﬁy on the slow, steady flow of an inviseid, incom-
pressible, diffusionless, horizontally uniform, baroclinic
current. The fluid is vertically stratified with a constant
Brunt-Vaisala frequency (N) and a linear upstream shear
(U'o(z); where the nondimensional speed at a depth z is
given by Uo(z)=Uo(0)+z¥U'c(z). His results define the
parametric region in which closed streamlines are formed
and also the vertical extent of this perturbation in terms
-of a stratification parameter S=(NH/fL)2, a topographic
parameter B:hofLU*o(O)/HU2 and the previously defined up-
stream shear U'o(z); where H is the vertical length scale
(mean depth around the obstacle), f is the Coriblis param-
eter (20sin(latitude}), L is the horizontal length scale
(equal to the radius), ho is the obstacle’s height, U*o(0)
is the flow speed at the obstacle's level and U is the

H U*o(z*)zdz]O'E.
o]
Values were calculated for S and B using the field

velocity scale given by U=[%-S:

hydrographic data and the real seamount configurations.

The effect of the upstream shear in the final results is




rather small and can be ignored. The values for 3 and B
obtained from the seamount site were then tested to
determine the vertical extent of the perturbation as pre-
dicted by Hogg (1973). A perturbation is fermed for all
B (in the case of a right circular cylinder for which Hogg
solved his equations).

Yarious important model assumptions are violated by
the seamount site: 1) the seamounts are not relatively
small, 2) the fluid stratification is not constant, and
3) our seamounts do not have a right cylindrical shape
(although Grappler Seamount is nearly flat topped). The
agreement between predictions and observations will de-
termine whether the differences are more relevant, for the
model, than the similarities.

Huppert (1975) solves analytically the same set of
equations solved by Hogg (1973) only that the solution is
expressed in a more general way which allows the consider-
ation of arbitrary shapes for the obstacle. He arrives at
the important conclusion that an obstacle with nearly
vertical faces will induce closed streamline regions no
matter how small it is. This may apply to Grappler Sea-
mount due to its steep northwest slope and nearly flat
top. The system he modelled consists of two planes in
uniform rotation about a vertical axis; an obstacle of
everywhere non-negative helght 1is attached to the lower

plane, and the fluid is constrained to flow between the
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two planes. He assumed that the volume of the obstacle
1s finite and that the far upstream flow is uniform. His
obstacle is also circularly symmetric, although the shape
is arbitrary. His results are expressed in terms of
B=NH/fL (which is equal to thé square root of Hogg's
(1973) S) and hoR-1 (numerically equivalent to Hogg's B);
where N is the Brunt-Vaisala frequency, H is the mean depth
arouﬁd the obstacle,  is the coriolis parameter, L is the
horizontal length scale of the obstacle (effective radius)
and R 1s the Rossby number (V/fL; where V is the far up-
stream barotropic speed). Table I (from Huppert, 1975)
shows the critical height, «=BhoR-1, in the case of strong
stratification (B=>=) for various obstacle configurations.
The penetration of the disturbance produced by obJjects of
more than critical height is given by fL/N.

Huppert and Bryan (1976) developed a numerical model
in order to study the temporal evolution, starting from a
state of rest, of the same system whose steady state
solution had been analytically solved in Huppert (1975)
and Hogg (1973). An analytical model is then described
which approximates the numerical solution and allows more
general conclusions to be made. The model predicts the
formation of cyclonic (warm) and anticyclonic {(cold)
eddies due to the redistribution of relative vorticity
induced by obstacles of greater than critical height, as

determined by Huppert (1975). The warm eddy is either




TABLE I. Critical height (a) for the formation of a
Taylor Cone over an obstacle immersed in a
strongly stratified fluid (B=>=),

From Huppert (1975)

Cbstacle Shape (h(r)) a
Cylindrical 1lens (lmrg) 3 {r<=1) 1.75
0 s fre=1)
; 242 _
Hemisphere (1-r°)% ; (r<=1) 1.27
0 5 (r>=1)
Cylindrical Gaussian e 3 (r<=) 0.86
Flat-topped cylinger ;3 (r<l) 10

1
0 3 (r>1)

r= obstacle's relative radius; h(r)=shape as a function of
r; a=theoretical critical height for various obstacle
configurations; B=stratification parameter
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shed away or trapped arcund the cold eddy depending on

the current speed. In 2 simple order of magnitude con-
clusion, the authors state that for large values of
B=NH/fL, if Nhm/Uo is greater than a number of order unity,
a Taylor ecolumn is formed aboﬁe the topographic feature and
if Nhm/Uo (hm is the obstacle's maximum height and Uo 1is
the u?stream barotropic speed after a time to) is greater
than a number of order ten, the shed eddy remains close to

the topographic feature.




RESULTS AND DISCUSSION

The dynamic features observed in the data are found

at well-defined depth intervals or layers.

This vertical

distribution provides the framework for the following

discussion.

A. Surface and Subsurface Waters (<70m 1in depth)

Both the geostrophic current measurements at the sea-

mount region, and the direct Eulerian current meter obser—

vations at the Benchmark B, revealed a south-

southwest

flew of nearly 15 cm/s at a depth of 20m, during the sea-

mount survey period. Geostrophic speeds ranged from 14 to

17 ¢m/s while the mean speeds at Benchmark remained at

14.8 ¢cm/s towards a direction of 241° T for the period of

October 5 to 29 and 14.1 cm/s towards a direction of 131.7°

T for October 15 to 16 (synoptic with the seamount survey) .

This close agreement in current velocities at a depth of

20m corroborates the geostrophic current profile and the

use of the 800m depth reference level in the
tations. These velocities are also in close
those obtained for the period of March 15-19
Lagrangian drifters deployed at a a depth of

trajectories are shown in Figure 10. During

dynamic compu-
agreement with
(1982) using
50m, whose

this de-

ployment the southern (180°T) flow remained steady for at

least three days, when the experiment was terminated. The

mean speed during this period was 14.7 em/s for both

37.
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Figure 10. Drifter trajectory over Grappler

Seamount from March 15 to 19, 1982.
The drifter was drogued at a depth
of 20m.
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drifters. This south-southwest current seems to be the
most frequent flow patiern in the area, although obser-
vations of currents towards all directions, at all depths,
have been reported by many authors using a variety of
menitering techniques (Atwood; 1976; Nelepo, 1976;
Metcalf, 1976; Goldman et al., 1979; Goldman and Hernandez,
1979; Fornshell, 1982).

figures 11, 12 and 13 show the parameter topographies
at the surface and at the 20 and 50m isobaths. Each con-
tour plot shows the f-ratios and the 95% confidence limits
as an indication of signal strength against variability at
Benchmark B. The'surface and subsurface geostrophic flow
rattern consisted of a south-southwest moving current which
turned to the left (looking downstream) upon approaching
Grappler Seamount, turned to the right after passing it
and then continued on a more westerly direction. This flow
rattern around Grappler Seamount looks very much like the
streamline pattern expected outside (higher than) the re-
gion of closed streamlines produced by an obstacle with a
vertical face (Hogg, 1973), or of more than critical height
(Bho/R), as is the case for this seamount (Huppert, 1975;
Huppert and Bryan, 1976). Such a streamline pattern is
shown in Figure 1lc.

The region of high salinity, low temperature (high
density) and low dissolved oxygen (D.0.) over Grappler

Seamount, most clearly defined at a depth of 20m, can be
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Figure 18a and 1ip.

For explanation see
Figure 1l4c.
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Figure 1dc. Streamline plot for U' o(z)= 1,
B=3 and 8=1 at: a) at the obstacle's
level, b) half way to the surface,
and c¢) at the surface (from Hogg,
19T 3] s
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explalned as due to the uplifting of deeper water to the
ftop of the seamount by the oncoming flow {Huppert and
Bryan, 1976). Mean upward vertical displacements of the
isctherms and isohalines, calculated from the typical depth
profiles, are a 5m elevation‘ét a depth of 20m (Figures 12c
and 12d) and a 2m elevation at a depth of 50m (Figures 13c¢
and 13d). Although the vertical displacements are expected
to décrease with height above the obstacle the presence of
& strong thermocline (and pycnocline) at a depth of 50m
could possibly account for this ancmalous behaviour. An
accompanying down-welling of water from the top of the sea-
mount 1s expected to produce a warm eddy in its lee which
is elther trapped or shed during the initiation process,
Relative vorticity generated by these processes accounts
for the cyclonic {warm eddy) and anticyclonic (cold eddy)
nziure of these perturbations {Huppert and Bryan, 1976).
I'nis perturbation on top of Grappler Seamount is
qualitatively similar to other col@, dense leatures found
associated with other seamounts in the New England Sea-
mount Chain, in the recirculating region of the Gulf
Stream (Huppert and Bryan, 1976; Owens and Hogg, 1980;
Vastano and Warren, 1976); in the Empercr Seamocunt Chain,
in the Kuroshio Extension region (Roden et al., 1982); in
the North Pacific (Royer, 1978); and in the Norwegian shelf

{Eide, 1979). These findings at other seamounts have been

interpreted mainly in terms of Taylor column theory,




o7

@lthough other possibiiities have been explored (Eide,
1979). Cyeclonic and articyclonlc motions have been
observed in the vicinity of seamounts thru the use of
Lagrangian drifters (Richardson, 1981; Schmitz, 1981) and
current meter measurements (Oﬁens and Hogg, 1980). An
agsociation between the cold region on top of the seamount
and the anticyclonic motion was definitively established
(Owens and Hogg, 1980).

Table IT shows the values for the critical parameters
in Hegg (1973), Huppert (1975) and Huppert and Bryan, 1976
obtained from the site specific data. The theoretical
predictions from these models, based upon the values in
Table II, are: 1) a perturbation (Taylor Cone or anti-
cyclonic eddy) will be formed over both Grappler and
Whiting Seamounts at flow speeds of less than 15 cm/s,
2) the upward vertical extent (fL/N) of these dynamic
Teatures will be in the order of 75 to 90m for Grappler
Seamount and 38 to 45m for Whiting Seamount. This limited
vertical extent of the Taylor Cone is due to the high fluid
stratification at the study site rather than to seamount
configurations, aﬁd 3) the warm eddy which forms in as-
soclation to the main cold eddy (or Taylor Cone) is always
shed downstream from the seamounts.

Plates 1 to 3 show what seems to be a cyclonic eddqdy
to the southwest of Grappler Seamount. Two simultaneous

views taken on June 9, 1973 from the Skylab show 2 circular




Table ITa. Values for the critical parameters in
Hogg (1973).

U¥o(0) => 1 = 5 10 15 20

Grappler 42.3 8.4 y 2 2.5 2.1
Z=hoiTU¥%c{(0)

Eu##2
Whiting 18.2 3.6 1.8 1.2 0.9
Surface 100 meters
Grappler 398 277

E=(NH/fL)*%2

Whiting 1593 1106

E=topographic parameter; S=stratification parameter;
U¥o(0)=flow speed at the obstacle's level; ho= the
cbstacle's height; f=Coriolis parameter; L=obstacle's
lzngth scale; H=total water depth; N=Brunt-Vaisala
frequency; U=root mean square speed integrated over the
entire fluid gdepth.

(See Appendix B for computational details.)
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Table 1Ib. Values for the critical parameters in
_ Huppert (19?5). '
vV => 1 5 10 15 20
Grappler 42.3 8.4 4.2 2.8 2.1
no/R
Whiting 18.2 3.6 1.8 1.2 0.9
Surface 100 meters
Grappler 20.0 (75) 15.5 (90)
BE=NH/fL (fL/N)
Whiting 39.9 (38) 31.0 (45)

ho=scaled obstacle's height (maximum); R=Rossby number;

#=Brunt-Vzisala frequency; L=obstacle's length scale;

s o
Fod|
il

(

05}

t
i

0]
e

tal water depth; f=Coriolis parameter; V=upstream speed

Appendix B for computational details.)




Table IIec. Values for the critical parameter Nhm/Uo in
Huppert and Bryan (1976).

Uo => 1 5 10 15 20

Surface 8.4 1.7 0.8 0.6 0.4

100 meters 7.0 1.4 0.7 0.5 0.4

Surface 7.2 1.4 0.7 0.5 0.4
Whiting

100 meters 6.0 1.2 0.6 0.4 0.3

Uo=upsiream speed; hm=maximum obstacle height;
N=Brunt-vVaisala frequency
(See Appendix B for computational details.)




Flate 1.

Skylab image of the seamount
region showing an eddy-like
feature in the vicinity of
Grappler Seamount.

June 9, 1973a; B&W 0.5-0.6um.







Plate 2.

Skylab image of the seamount
region showing an eddy-1like
feature in the vicinity of
Grappler Seamount.

June 9, 1973a; B&W 0.6-0.7um.







Plate

Skylab image of the seamount
region showling an eddy-like
feature in the vicinity of
Grappler Seamount,

June 9, 1973b; B&W 0.5-0.6um.







feature (eddy?) with a liameter of 14km (7km radlus)
lgeatod 20%m to the southwest of Grappler Seamcunt (Figure
15). Tis length scale (radius) is roughly similar to
Grapiler's radius, at mid«eleyation. This same feature
appeers in all versions of the same scenes {(photographed by
a multispectral camera array) described in the Appendix C
(color (0.4 to 0.7 um), color infrareg (0.5 to 0.88 um) and
two freguencies in black and white (0.5 to 0.6 um and 0.6

te 0.7 um; Pletes 1 to 3). Considering a typical speed of
10 em/s, 1t would have taken the ¢ddy approximately two days
Yo drift from the vicinity of the seamount to the point where
1t wag photographed. This was the only distinguishable
Featurc observed in the satellite imzges rom the seamount
area, Although these phnotographs do not liﬁk the eddy
directly to the seamounts, they are supggestive of a possible
asscoctation,

Other eddics found previously, during CEER research in
the area, are typically larger and do not resemble the
Taylior Cone iype of perturbation found on ftop of Grappler
Seamount during the seamount survey, except for the anti-
cyelonic eddy found centered near Grappler Seamount during
the month of May 1980 (Figure 16)}. This eddy has a very
similar water mass structure to the Grappler eddy and its
larger size could be due to interpolations among wider

spaced stations (at this scale the eddy is defined by only

one station). A cyclonic eddy was also found to the west
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of Grappler Seamount during the May cruise which could
possibly be an eddy shed from the seamount, according to
Huppert and Bryan's (1976) theory. No feature was observed

in satellite images synoptic with this cruise.

B. 70-150m Depth Layer

From below the top of Grappler Seamount and down to a
depth of 150m the features shown in the distribution of the
different parameters bear little relationship to each other
and also the f-ratios are smaller (usually <1.0) than in
the subsurface region. Figure 17 shows the parameter topog-
raphies at a depth of 125m. The dynamic height topography
still maintains the main features described for the upper
layers except for the disappearance of the dynamic high to
the northeast of Grappler Seamount. Geostrophic currents
decrease in speeds with mean southwest speeds of 5 to 10
cm/s and westward speeds, west of the seamount, decreasing
from 32 to 10 em/s in the depth interval from 75 to 200m
(Figure 17a). Below a depth of 100m the f-ratios of the
dynamic height distribution are always less than one, which
means the signal is weak. The XBT temperatures show a
continuation of the colgd region over Grappler Seamount
spreading around it. The warm region southwest of the sea-
mount has also spread out towards the north. Temperatures
are higher in the eastern half of the survey area and

patches of warm water can now be observed over Whiting
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Seamount (Figure 17b). Some of these features, specially
the east-west gradient, also Show in the thermometric
temperature field (Figure 17c¢).

The salinity contours demonstrate a well-defined gradient
with higher salinities to the-éoutheast decreasing towards
the west-northwest (Figure 17d). This result is consistent
with the expected circulation of the Subtropical Underwater
(SUW)-water mass, although it was not expected to show so
strongly at this small sampling scale. The dissolved oxygen
distribution at this depth level, figure 17e, does not show
any organized feature although the isolines are well-aligned
with the salinity contours.

A total of seven different trajectories (paths) were
obtained from the November 10-14, 1982 drogue survey; these
are shown in figures 18 to 20. At a depth of 100m the
drifters were below the top of the seamount (+70m), whose
100m depth contour is shown in the figures. This contour
was obtained using the depth sounder on board the R/V SULTANA
during the cruise. The main aspects observed in the drifter
trajectories are: 1) the steering of the drogues around the
seamount, 2) the tendency for these trajectories to converse
downstream from the seamount, and 3) the larger average
speeds on the left side of the seamount (looking downstream),
18 cm/s average for trajectories A-1, B-1, D-1, as compared
to the right side, 8 cm/s average for trajectories A-2, D-3

(Figure 18). This difference in speeds on opposite sides
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of Grappler Seamount indicates a tendency for anticyclonice
motion, which may occur under the appropriate flow con-
ditions as predicted by Huppert (1975) and Huppert and
Bryan (1976). The grounding of drifters B-2 and D-2 may
imply the presence of a verticél motion (upwelling) in that

region te which the drogues could not respond.

C. 200-300m Depth Layer

The top of Whiting Seamount lies at a depth of 218m
and the parameter topographies in this depth interval are
deminated by closed contour areas of high salinity, high
temperature and low D.0. in the vicinity of the seamount
as shown in figures 21b to 2le. The f-ratios are generally
higher in this region than in the regions above and below
it. Although the dynamic height signal is very weak, geo-
strophic currents maintain the same distributicn as in the
upper layers, but the speeds have increased to around 10
cm/s in this depth interval (Figure 2la). This speed
increase is hard to explain and might be related to the
motion of the Sargasso Seca Water (SSW) or to thermal wind
effects.

The well-organized salinity gradient has disappeared
and low salinity patches are now found (Figure 21d). At a
depth of 250m the waters upstream from Whiting Seamount are
less saline and colder, while downstream they are saltier

and warmer (Figures 2I1c and 21d). This distribution is
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consistent with the model predictions. At thils depth
interval, the salinity is decreasing with depth so the
expected salinity distributilon is just the opposite as that
for the upper layers (<150m deep). The upward vertical
deflection of the isobaths and.isohalines, calculated from
the mean depth profiles of salinity and temperature, is of
18 meters. The vertical, detectable, extent of both seamount

perturbations is within range of the predicted values

(Table IIc).

D. Depths Below 400m

Eelow a2 depth of 400m the f-ratios are generally lower
than one for all the parameters. Although this implies a
very weak signal, a well-defined southeast-northwest gradient
(low => high) shows in the salinity and temperature fields
as shown in figures 22d and 22¢, respectively. This gradient
1s consistent with the motion of the Antarctic Intermediate
Waters (AIW) thru this area. There are no closed contour
Teatures associated with any of the seamounts at this

depth range.
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SUMMARY AND CONCLUSIONS

The geostrophic flow in the seamount ares was in a
south-southwest direction, being modified under the
influence of Grappler Seamount. This result is cor-
roborated by the cloée agreement with observed, synoptie,
current meter data at a depth of 20m from the OTEC Bench-
mark. B, with (non—éynoptic) Lagrangian drifter trajectories
over and around Grappler Seamount and with the expected
streamline pattern derived from numerical and analytical
models.

The highgst signal levels for all parameters were
concentrated in the regions over and close to the top of
both seamounts. A low temperature, high salinity and low
dissolved oxygen dome was found in the same region where
the flow was affected by the Grappler Seamount. A region
of low salinity and low temperature was found upstream
from Whiting Seamount while a high salinity, high temper-
ature region was present in its downstream side. These
observations of dynamic perturbations over the Grappler
and Whiting Seamounts are consistent with the expected
perturbation from an obstacle immersed in a rapidly
rotating, stratified, slow moving fluid according to the
theories of Hogg (1973), Huppert (1975) and Huppert and

Bryan (1976).

89
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Based upon the hydrodynamic parameters calculated
from the field hydrographic data both seamounts were
expected to prodﬁce Taylor Cone (also referred to as a
scamount assoclated cold dome or anticyclonic eddy) type of
perturbatlons as predicted by the numerical and analytical
models. The agreement between field observations and
model predictions Suggest a highly dynamic environment in
the éeamount grea with permanent or semi-permanent Taylor
Cones present cver both seamounts. The time dependent
structure of such a dynamic phenomena will depend on the
Vertical stratification of the surface and subsurface water
layers and the speed and persistence of the flow. Eddies
shed during the formation stage of the Taylor Cone are also
expected to occur. These shed eddies, with a length scale
similar to the length scale of the generating seamount,
could impact the insular shelf environment at surface and
subsurface depths {(for eddies shed from Grappler Seamount)
or at depths below 100m (for eddies generated by the
Whiting Seamount). An eddy-1like feature was observed in
Skylab images from June, 1973. This cyclonic eddy was
located some 20km southwest of Grappler Seamount. Its
size and position are suggestive of a seamount-eddy
association.

Planktonic organlsms, suspended particles, and
floating or dissolved substances trapped during the

Tormation of the c¢cyclonic eddy are expected to drift




.

within the eddy for an unknown time period. During this
time interval the biological, chemical, and physical
characteriétics of the eddy may change. If such an eddy
comes in contact with the insular shelf of Puerto Rico
1t will induce changeé in the circulation and water mass
characteristics of the shelf environment, which will
depepd on the conditions at the time of the formation of
the eddy, and the changeé brought about during the advection
pericd. The stationary anticyelonic eddy or Taylor Cone
will only affect the environment in the immediate vicinity
of the generating seamount. The residence time of the
waters that form the Taylor Cone (and everything in them)
will increase for as long as the perturbation persists.
This trapped water mass may be important to the development
of fish larvae and might explain the high fishing produc-
tivity of the seamount region.
The results from this study lead to the following
conclusions:
1) Both seamounts are producing mesoscale

perturbations thru interaction with the

oncoming flow. Two types of perturbations

are generated by the seamounts: (a) A

stationary Taylor Cone (cold dome or

anticyclonic eddy) that remains over the

generating seamount, and (b) A cyclonic




2)

3)

eddy, formed curing the formation stage

of the Taylor Cone, which drifts down-
stream from the generating seamount.

These perturbationé are gqualitatively
similar to those preéicted by the numerical
and analytical models of Hogg t1973),
Huppert (1975) and Huppert and Bryan
{(1976). This agreement constitutes field
verification of the models under conditions
of high relative obstacle elevation and a
small Coriolis parameter (low latitude).
The impact of an OTEC plant (reduction in
the variable At) by the observed temperature
perturbations would be small compared to
the seasonal changes, but relatively large
when compared to the monthly changes during
the fall season. The maximum temperature
drop at a depth of 20m, an OTEC plant's
intake depth, over Grappler Seamount would
produce a 2.3% (0.5°C) reduction in the
thermal resource available to such a plant
as compared tec the 0.4%7 (0.08°C) maximum
natural variability at the Benchmark B for
the months of September and November (1980).

The seasonal change is close to 4°C.

2




1)

The results of the study suggest that
further resear~h is rnecessary, specially
to understand the effects of the hydro-
dynamic perturtations on the circulation
near the ccast and théir influence upon
the fishing potentialities around the
seamounts. The temporal occcurrence and
persistence of the perturbations (temporal
patterns) should be investigated to define
the parametric regions which govern their
oehaviour. Observations should be conducted
during the early spring months when the
Grappler Seamount's top lies above the

thermocline.
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STATION POSITIONS: R/V CRAWFORD 8110 .
October 15-16, 1981

Station # lLatitude Longitude
1 17 53.0 66 02.8
2 17 50.3 66 02.6
3 17 47.8 66 02.5
4 17 45.0 66 02.3
5 17 42.3 66 02.1
6 17 42.5 65 59.3
7 17 45,2 65 59.5
8 17 47.8 65 59.6
g IF 50,5 65 59.8

10 17 53.2 66 00.0
11 17 53.4 65 57.2
i 17 50.7 65 57.0
13a 17 48.5 65 58.0
13 17 48.0 65 56.8
14 17 45.3 65 56.7
15 17 42.6 65 56.5
16 17 42.8 65 53.6
17 17 45.5 65 53.8
18 17 47.9 65 54,0
19 17 50.8 65 54.1
20 17 53.5 65 54.3
21 17 54.0 b5 51.7
2k 17 51.0 65 51.3
23 17 48.14 65 51.2
24 17 4s.7 65 51.0
25 17 43.0 65 50.8
26 i7 43.1 65 48.0
27 17 45.8 65 48.2
28 17 48.5 65 48.4
29 17 51.2 65 48.5
30 17 53.9 65 48.7
31 17 54.1 65 U45.9
32 17 51.4 65 45,7
33 17 49.0 65 L5.6
34 17 46.0 65 45.4
35 17 43.3 65 45.2
36 17 43.5 65 42.3
37 17 b46.2 65 h2.5
38 17 49.0 65 42.9
39 17 51.5 65 42.8
4o 17 54.2 65 43.0
L3 17 54.4 65 40.2
o 17 51.7 65 H0.0
43 17 49.0 65 39.8




STATION POSITIONS: (coniinued)

Station # l.atitude Longitude
by 17 46.3 65 39.7
45 17 43.6 65 39.5
46 17 43.8 65 36.7
Y7 17 46.5 65 36.9
48 17 49.4 65 36.9
49 17 51.9 65 37.2
50 17 54.6 65 37.4
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PROCEDURES FOR DATA ANALYSIS

B-1. Reiniger and Ross Interpolation Method

Let the parameter V take the values Vi, v2, V3, Vi at
the depths 21, 22, 73, Z4 where Z1 through Z4 are the levels
used for the interpolation in order of increasing depth.

Let Vp be the interpolated value at =a depth Z such that
21<22<2<23<Z4. Reiniger and Ross (1968) then calculate
a welighted mean for the two hyperbola, using the following

equations:

Vp = ]Vr - Vpl, Yo . F ,Vr - Vp? l Vpl
lVr - vpil+ IVr _ vp2 I
where:
(ve3_ - v3)® viz + (vie - v23)2v3t
Vro= 0.5 [ ¥2s 4 (V23 - v34)2 + (vi2 - v23)?
_ 1 2 3
Upl =0, V1 + 05, V2 + 03, V3
Vp2 = 05, V2 + 032 V3 o+ 023 v
i (2 =Z,) X2 - %2
Ojk J k
(Zi - Zj)l (Z2, - Zk)
v - V. (Z-12Z.) - V. (Z - ;)
ij 2 J
Z. - 72
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An error estimate of the interpolated value is
calculated by:

_ 10.5
P = 0.33 J[(Vp - vpl) (Vp - vp2)| ]

The interpolation scheme requires two observed values
of a parameter above, and two below the interpolation depth.
When this is not the case, a linear interpolation is per-
formed or the data are rnot interpolated at all. If linear
interpolation is used, the interpolated value is followed
by "LI" in the precision code column. The following special
cases can be distinguished:

1. When less than four depths have been observed. In
case no interpolations are performed.

2. Near the surface. If less than two observations occur
above Z, a linear interpolation using the two upper
observations is performed. No extrapolations are made.
over a distance exceeding 13 meters or 1.3 x (22 -Z1),

whichever is smaller.

3. Near the bottom. If less than two observations occur
below Z, a linear interpolation using the two lowest
observations is performed. No extrapolation is per-
fermed to depths exceeding the deepest observation by
more than 10% of the depth difference between the

deepest two observed levels.




4. The desired standaid depth coincides with an
observed depth. 1In this case the observed variables
are transferred without change to the standard depth
and "EX" is indicéted in the precision code column.

5. Observed depths are spaceﬁ too far apart or too
irregularly. This can occur if the bottles are
purposely spaced closely at some levels, or if two
bartially overlapping casts are taken, of if values
for the parameter are missing at two or more consecu-
tive depths. Sample spacing, therefore, is checked

as shown below and judged unacceptable if:

A ~ P
f i Ji
2 = <0.2
A = B
J J el
or
Z -
o .
S J_<o0.2
Z. - 2.
J j-1

In the rfirst case, with too small an interval between
the upper two points, interpolation is carried out using
%5-3> 2510 7y Ty, instead of 7., 2y s 21, 2y, Ir
lowest interval is too small, ZJ.+1 will be replaced by’Zj+2.
In either case the equations are tested again before the
interpolation is completed, and the procedure is repeated
until they are satisfied or until surface or bottom is

reached. When that happens, the value will be determined

Dy linear interpolation using Z; ; and Zy-




6. The interpolation crror is too large. Linear inter-
polation will be u:ed when the error estimator P
exceeds 0.1 for termperature, 0.01 for salinity or

20 units for any clemical parameter,

B-2. Sigma-t, Specific Volume and Specific Volume Anomaly

The following formulas were obtained from H.O. Pub. 614,
Sigma-t = Sumt + (Sg0 + 0.1324) (1 - At + Bt (Sg0 - 0.1324))

where:

Sumt = - (t - 3.98)2] [t + 238 6]
503.570 t + 67.2

Sg0d = -0.069 + 1.4708C1 - 0.001570012 + 0.0000398C13

At = t(4.7867 - 0.098185¢ + 0.00108h3t2) 1073
Btgé t{(18.030 - 0.8164t + 0.01667t2) 10‘6

Cl = Salinity/1.80655

t = temperature of water in °C

Specific Volume = A7 + A8 (A1 + A2 + A3 + Ab + A5 + AG)
where:

Al = 4886 / (1 + 0.00001832)

A2 = —(227 + 28.33t - 0.551t° + 0.004t2)

A3 = (0.0001Z) (105.5 + 9.5t - 0.158t2)
A = 1.52% ¢ x 1078

A5 = -((Sg0 -28) / 10) ((147.3 - 2.72t +0.04t2) -
0.0001Z (32.4 0.87t + 0.02t2))

A6 = ((Sg0 - 28) / 10)2 (4.5 - 0.1t - 0.0001Z (1.8 -0.06t)
A7

1 /7 (1 + ((Sigma-t) =1000))




G2

A8 = -2 X 1077 x a7

Specific Volume Anomaly = Specific Volume (in situ) -
Specific Volume (35,0, p)

B-3. Dynamie Height and Dynamic Height Anomaly

The formula for the calculation of dynamic heights 1is:

Pa
Dyn. Height = = dp
P3
Pa Pa
Dyn. Height Anom. =
(=-35, 0, p), = ¥ dp
p 3 A vap p
1 1

where:

o

It

Specific Volume

§

Specific Volume Anom.

p In situ pressure in decibars

Both equations are evaluated using the trapezoidal rule:

, |
D.H., = 0.5 £ (e, +a, ) (Z, — 2. .)
Zn =1 % T
n
DH-A. = 0.5 % (8, +6, ) (2, -2, .)
Zn i=1 i i-1

Where Z is the depth in meters.
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B-4. Calculation of the Critical Parameters from the
Numerical Models Using the Seamount Survey Data

Constants:
1. Grappler Seamount's elevation = 1400 meters
2. Whlting Seamount's elevation = 1200 meters

3. Mean depth at base of seamounts (H) = 1500 meters

4. Grappler's length scale (L) 10 kilometers

5. Whiting's 1length scale (L)

il

5 kilometers

6. Coriolis parameter (f) = 2 sin (18) = 4.51 X 10"55—1

g 89} 0.5
7. Brunt-Vaisala frequency = N = [C?O H]

where: f% in situ density (1/specific volume) at

the bottom .

= 1.0347 grams/cm {(at stations 21 and
45, the only reaching to 1500 meters)

Ao = difference in sigma-t between the
bottom and the surface (0.005 g/cm
at both stations) or between the
bottom and 100 meters (0.003 for
both stations)

g = force of gravity
9.8 m/s2

0

Substituting these values into the formula for N we get

r ) 0.5
. 9.8 x0.005 ]12°% o0
Nsuse = -
Bur 1.0347 X 1500 radss
10.
Nioom = [2:8 X 0.003 =50.005I,a(_.1/S
11.0347 X 11400J
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I. Hogg (1973)

ho = obstacle's elevation
= H/L
H -
1 P— £ 12
U = [H S; U (z%)° a z
0
values from the seamount survey range from
10-15 cm/s but the following values were
used for more general results: 1, 5, 10,
15 and 20 c¢m/s
E = U/fL

U*¥(0) = current speed at the obstacle's depth

= U due to the seamounts high relative elevation
(ho/H)

Final numbers are shown in Table Ia.

II. Huppert (1975)

V = uniform flow far upstream from the obstacle
= the same values as for U were employed:
1, 5, 10, 15, 20 cm/s
B = NH/fL
R = V/fL

ho = maximum obstacle height / H
= ho/R; when B => (Huppert's equation 3.34)

Values of B and ho/R are shown in Table ITb.
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IIT. Huppert and Bryan (1976)

hm = maximum obutacle height

Uo = barotropic velocity after a time to,
used same values as for U and V

B = NH/fL (same as in Huppert {1975)

Values of Nhm/Uo are shown in Table ITc.
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SATELLITE DATA

Table Ta. TIROS-NOAA S@FelliterData

o Date _44W Platform o
January 24, 1980 | NOAA-6
March 26, 1980 TIROS-N
March 27, 1980 TIROS-N

‘May 18, 1980 NOAA-6
June 30, 1980 TIROS-N
July 31, 1980 TIROS-N
November 29, 1980 NOAA-6
February 26, 1981 NOAA-6
March 2, 1981 NOAA-6
October 9, 1981 NOAA-7
October 10, 1981 NOAA-7

Two scenes were obtained for each date at different
frequencies: visible (channel 1, 0.61um) and infrared
(channel 4, 1lum). The standard product obtained from
NOAA-NESS is a 25-by-25 cm black and white contact print

for each scene.




1)E

Table 1b. Landsat Satellite Data

Date Platiorm Sensor 1.D. #
August 12, 1976 Landcat 2 RBV 8258613563200
August 30, 1976 Landsat 2 RBV 8256813572200
March 29, 1978 Landsat 2 MSS 82116213390X0
May 31, 1978 Landsat 3 RBV 83008714045XA

RBV= Return Beam Vidicon (or television system)

M3S= Multispectral Scanner (four frequency bands: 0.5-0.6um,
0.6-0.7um, 0.7-0.8um and 0.8-1.1um)

Images supplied as black and white negatives,

Table Ie. Skylab Data

Date Freg. Band I.D ¥#
June 9, 1973a COoL G20A020181000
" CIR G20A009181000
" B&W G20A012173000
n B&W G20A011173000
June §, 1973b COL G20A010182000
" CIR G20A009182000
" B&W G204011174000
" B&W G20A012174000
November 30, 1973 IR GLOAD51687000
" BIR GUOAOL9B8B000
4 BIR GHOACY490B7000

COL=C.4~0.7um : CIR=0.5-0.88um : B&aW=0.5-0.6um
and 0.6-0.7um
Images supplied as 2-by-2 negatives
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