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The M, tide on the Amazon shelf

Robert C. Beardsley,' Julio Candela,! Richard Limeburner,! W. Rockwell Geyer,! Steven
J. Lentz,! Belmire M. Castro,? David Cacchione,® and Nelson Carneiro?

Abstract. As part of A Multidisciplinary Amazon Shelf Sediment Study (AMASSEDS),
moored and shipboard current measurements made over the Amazon shelf during 1990-1991
have been analyzed to determine the dominant semidiurnal tidal constituent, the M. These
results have been combined with coastal sea level data from within the Amazon and Para
Rivers, the adjacent shelf, and with satellite-derived tidal elevation data from off the shelf
to provide a more complete description of the M3 tide in this complex river/shelf system.
Near the Amazon River mouth the M, tide propagates across the shelf and through the
mouth as a damped progressive wave, with its amplitude decreasing and phase increasing
upriver. Over the adjacent shelf north of Cabo Norte, the M tide approaches a damped
standing wave, with large amplitudes (greater than 1.5 m) near the coast due to near
resonance within the coastal embayment formed by the Cabe Nortie shoal to the south and
Cabo Cassipore to the north. The observed My tidal currents are nearly rectilinear and
oriented primarily across the local isobaths. Comparisons between tidal observations in
both the North Channel and the Cabo Norte-Cabo Cassipore embayment and a simple
variable-width channel tidal model indicate that (1) most of the My tidal energy dissipation
occurs over the mid- and inner shelf (in water depths less than 20 m) and (2) fluid muds
found there cause a significant reduction (of order 50%) in the eflective bottom friction
felt by the M, tide. The approximate resonant period of the Cabo Norte-Cabo Cassipore
embayment is 11.9 hours, and at resonance the average energy dissipation per forcing period
is roughly 2.2 times the average mechanical energy in the embayment. This damping rate is
large enough that the tidal amplification is rather insensitive to forcing frequency, so that
the response of the embayment to forcing over the semidiurnal band should be essentially
the same. The vertical structure of the M, tidal current is examined at one outer shelf site
located in 65-m water depth. The observed semimajor axis increases logarithmically with
height above bottom within the lowest 1-2 m and reaches a maximum in excess of 0.5 m/s
at approximately 11 m above bottom. The mean ellipticity is small (less than 0.1) and
positive, indicating clockwise rotation of a nearly rectilinear current, and the semimajor
axis i1s oriented within 10° of the local cross-isobath direction. The M, phase increases with
height above bottom, with flood at the bottom leading flood at the surface by about 1 hour.
A simple, local homogenecus tidal model with time- and space-dependent eddy viscosity
simulates the observed near-bottom velocity reasonably well, however, the model suggests
that stratification above the lowest few meters may significantly affect the tidal boundary
layer structure at this site. The M3 energy flux onto the Amazon shelf and into the Amazon
and Para Rivers has been estimated using current and surface elevation data and the best
fit variable-width channel model results. The net M, energy flux into the mouths of the
Amazon and Para Rivers is 0.47 x 101°W and 0.19 x 10'°W, respectively. A net M, energy
flux of about 3.3 x 10'°W occurs onto the shelf between the North Channel of the Amazon
River and Cabo Cassipore. This stretch of the Amazon shelf accounts for about 1.3% of
the global dissipation of the M3 tide,

'Department of Physical Oceanography, Woods Hole Qceano- 1. Introduction

graphic Institution, Woods Hole, Massachusetts.
?Instituto Oceanocgrafico, Universidade de Sao Paulo, Sao The Amazon River is the world’s largest river in
Paulo, Brazil. o terms of freshwater discharge, supplying about 15%
qgi'rse'ci‘;‘i’?g;c‘:ii“:“;ieﬁ:v}:”k' Ca;‘f"”“,ﬁ" _ of the total riverine input of fresh water entering the
8 gacao, Niteroi, Brazil. world’s oceans [Baumgartner and Reichel, 1975]. This
discharge which varies from a low of about 0.08 Sv in
November to a high of 0.25 Sv in June [Oltman, 1968]
Paper number 94JC01688. creates an enormous surface plume over the Amazon
0148-0227/95/94JC-01688%05.00 shelf, and dilute water from the plume can be traced
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thousands of kilometers into the adjacent ocean [Muller-
Karger et al., 1988, Lentz, this issue]. The sediment dis-
charge of the Amazon is also quite large; about three
million tons of sediment are carried through the river
mouth per day, on average [Nuittrouer et al, 1986]. A
significant fraction of this sediment flux is presently ac-
cumulating in a large subaqueous delta over the inner
and middle Amazon shelf [Nittrouer et al., 1986]. The
Amazon shelf is also distinguished for its large semi-
diurnal tides and strong tidal currents, large fortnightly
variability, and tidal ranges at the river mouth of more
than 3 m [Gibbs, 1982; Curtin, 1986]. These features
plus the location of the mouth of the Amazon River
at the equater make the Amazon River mouth and ad-
jacent shell a fascinating region and a unique natural
laboratory to study a number of important processes
in tidal dynamics, such as the dynamical mechanisms
responsible for tidal dissipation and its time variabil-
ity, the influence of large variations in river discharge
on tidal propagation, and the effects of tidal and river
discharge current interactions on sediment and nutrient
transports.

We present here a new description of the dominant
semidiurnal tidal constituent, the My (12.42-hour pe-
riod), in the Amazon River mouth and adjacent shelf
region. This constituent, plus the other principal semi-
diurnal constituents, the Ss (12.00-hour period) and
N (12.66-hour period), account for about 85% or more
of the total tidal elevation variance and are the most
energetic tides in this region. This description is based
on a combined analysis of historical coastal sea level
data recently obtained from the Brazilian Navy Hydro-
graphic and Navigation Directory, moored bottom pres-
sure and shipboard and moored current data recently
collected as part of A Multidisciplinary Amazon Shelf
SEDiment Study (AMASSEDS), and satellite-derived
tidal elevation data from the western equatorial Atlantic
published by Cartwright et al. [1991]. AMASSEDS
was a multicomponent U.S./Brazil program designed
to study physical, geological, and geochemical processes
which control sediment transport and accumulation n
this complex shelf environment [AmasSeds Group, 1990,
Nitirouer et al., 1991]. The physical oceanographic
component included four regional shipboard acoustic
Doppler current profiler (ADCP}/conductivity-temper-
ature-depth {CTD) surveys, three intensive small-scale
studies of the Amazon frontal zone, a 5-month deploy-
ment of a moored curtent meter array, and deployments
of satellite-tracked drifters. The ADCP/CTD surveys
were timed to sample the shelf during the four stages
of the Amazon River discharge as follows: August 1989
{falling discharge}, February 1990 (rising), May 1990
(maximum), and November 1991 (minimum). Frontal
studies consisting of continuous acquisition of ADCP
and high-resolution current and suspended sediment
profile data at several anchor stations were conducted in
March and June 1990 and November 1991. Some pre-
liminary results of the physical oceanography compo-
nent of AMASSEDS {Geyer et al., 1991; Candela et al.,
1992] have been published prior to this special volume.
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This paper attempts to synthesize a coherent descrip-
tion of the M, tide in this region based on the entire
AMASSEDS physical data set and available coastal and
ocean sea level data.

This paper 1s organized as follows. A brief descrip-
tion of the offshore semidiurnal tidal forcing is presented
next in section 2, followed by a detailed description of
the barotropic M; tidal response of the Amazon shelf
and river mouth region in section 3. A simple variable-
width channel tidal model is then used in section 4 to
explain how the regional geometry and bottom friction
combine to govern the My tidal response. The vertical
structure of the M5 tidal currents at one outer shelf site
is then described in section 5 and is interpreted in terms
of a simple eddy viscosity model. A simple estimate of
the net flux of M, tidal energy on the Amazon shelf
and into the Amazon and Para Rivers is discussed in
section 6. Conclusions are presented in section 7.

2. Description of the Observed Semi-
diurnal Tides in the Tropical Atlantic

Cotidal charts of the semidiurnal tides in the At-
lantic Qcean have been published by Defant [1961],
Schunderski (1979, 1981] (hereinafter referred to collec-
tively as S79) and Cartwright et al. [1991] (hereinafter
referred to as CRS91). Both Defant [1961] and S79
use coastal and in situ tidal data and either subjec-
tive or dynamic interpolation to construct their cotidal
charts, while CRS91 use only sea surface height com-
puted from Geosat radar altimeter data obtained during
the Exact Repeat Mission (ERM). All show the M4, S,
and Nj to be the dominant semidiurnal constituents, in
that order, in the equatorial Atlantic. All three con-
stituents exhibit a broad region of little phase change
and maximum amplitude off the Amazon shelf, with
amplitudes based on CRS91 varying from about 70 to
85 cm for My, 20 to 28 cm for S5, and 15 to 17 cm
for Ny (Figure 1). The relative amplitudes of the two
smaller constituents to Ms are about Su/M; = 0.31
and No/Ms, = 0.21, indicating a large spring—neap vari-
ation ({M2+ S2)/(Mz — S2) = 1.9) and monthly vari-
ation ((M2 + Sy -+ Ng)/(Mg — 8§y — Nz) = 32) in the
semidiurnal forcing. The two principal diurnal con-
stituents in the western equatorial Atlantic, K, and Oy,
have maximum amplitudes of 6-8 em off the Amazon
shelf (CRS91). Thus the primary tidal forcing on the
Amazon shelf is semuidiurnal, with the Ma being the
dominant constituent.

A conceptual model of the equatorial Atlantic semi-
diurnal tides is provided by Platzman et al [1981]
Platzman [1984] shows that these tides can be synthe-
sized from a relatively small number of gravity wave
normal modes for the Atlantic basin. Three modes
in particular exhibit features which can be seen in
the observed tides as follows: mode 30, a “North At-
lantic transverse half wave” with a pericd of 13.0 hours;
mode 31, identified as the “Gulf of Guinea one-quarter
wave” with a period of 12.8 hours, and mode 33, iden-
tified as a “transverse half wave” between Africa and
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Figure 1. Cotidal map for the My constituent in the tropical Atlantic Ocean derived from
Geosat radar altimeter measurements by Cartwright et al. [1991]. (top) Amplitude is shown
in centimeters and (bottom) phase is shown in degrees Greenwich. The Amazon shelf region is
located in the small box in the top panel. The cotidal charts for the S; and N» constituents are
similar in structure in the western equatorial Atlantic. This figure kindly supplied by R. Ray.

South America with a period of 12.1 hours [Plaizman
et al., 1981]. With a global quality factor @ in the semi-
diurnal band in excess of 14 [Platzrman, 1984], the tidal
response should exhibit a noticeable change in structure
with varying forcing frequency, and the observed semi-
diurnal tides in the tropical Atlantic do exhibit changes
consistent with this prediction.

Using Geosat data, Cartwright and Ray [1991] show
that, globally,the S, and especially M, tides are primar-
ily forced in the equatorial band. This is true in the At-
lantic, with the largest amplitudes within the basin oe-
curring in the western tropical Atlantic except for com-
parable amplitudes near the northwest European shelf.
The ratio of the observed tidal amplitude off the Ama-
zon shelf to its equilibrium value varies from about 3.2
for My to 2.2 for both Ny and S,. The strong oceanic

semidiurnal tidal forcing present off the Amazon shelf
is thus a consequence of the near-resonant response of
the Atlantic basin to the astronomical tidal forcing in
the sermidiurnal band.

A comparison was made between the 579 and CRE91
cotidal charts and ocean tide data in the western trop-
ical Atlantic to determine which charts were more ac-
curate for the dominant M; and S, constituents. The
ocean tide data available consist of two bottom pressure
stations located near 51°W and four bottom-mounted
inverted echo sounder (IES) stations located along 44° W
{(Table 1). Even though Carfwright {1982] argues that
the IES tidal signal is generally contaminated by in-
ternal tides, the TES records are at least 1 year long,
and estimates of the amplitude uncertainty based on
noise spectra are typically less than £2 cm in the semi-
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Table 1. Ocean In Situ and Coastal Ma, S3, and N, Tides Measured in the Western Equatorial Atlantic

Sta- Lati- Long- M, Ss N3 Record
tion tude, itude, A, P, A P, A, P, Length, Source
°N W cm °G cm °G cm °G days

Ocean Stations

1 2.983 44,017 61.9 209 216 237 13.8 195 506 I
2 5.083 44 117 50.1 78 16.0 228 15.3 240 378 1
3 6.950 43.983 64.9 228 21.5 266 14.0 219 1022 i
4 8.783 44.000 66.8 69 20.1 255 15.0 217 383 1
5 9.983 50.517 50.2 224 148 252 10.6 207 83 2
6 7.000 51.550 57.7 222 174 248 124 204 81 2
7 3.317 48.267 81.0 233 15.2 266 27.5 232 29 3
5 3.000 49.333 90.0 254 30.1 296 29.1 237 32 4
9 3.385 49.940 103.3 254 28.8 282 22.0 232 182 )
Coastal Stations
87 4.233 51.642 107 .4 288 281 321 15.9 265 32 4
91 3.850 51.133 101.3 288 226 321 34.8 281 32 4
93 2.592 50.850 276.8 301 h7.2 347 50.1 270 32 4
9 2.097 50.500 3hl4 318 87.5 6 60.5 307 32 4
94 1.217 49.883 155.7 43 334 73 24.3 8 32 4
66 0.767 50.113 1558 90 31.0 129 224 49 42 4
29 —0.158 49.150 144 .8 43 38.2 69 204 26 60 4
79 —0.173 48.767 136.1 12 41.0 38 29.8 366 32 4
80 —-0.223 48 465 123.0 341 40.9 14 22.9 334 32 4
81 —0.662 48.050 158.5 344 47.3 18 356 296 30 4
*S —-0.617 47.350 176.4 302 57.7 343 33.2 291 369 6
8 —-0.617 47.350 174.1 208 55.9 335 32.2 289 364 4
*B —1.448 48 502 117.0 62 329 107 21.5 48 369 6
86 —0.892 46.617 180.0 293 49.2 305 35.4 306 31 4
169 —1.408 45417 184.0 276 04.7 311 34.3 262 327 4
107 —1.642 45.355 230.0 279 70.6 318 45.0 265 364 4
River Stations
1 —1.448 48.502 116.3 61 331 102 219 48 356 4
5 —1.800 50.275 478 255 9.3 283 9.6 242 45 4
6 —-1.127 52.210 40.1 20 7.9 53 5.8 339 34 4
11 —2.577 44 370 216.8 291 b7.5 331 41.2 282 118 4
13 —2.678 44 363 218.8 204 59.0 335 44 .9 285 R7 4
14 —2.567 44 367 224 .4 287 63.2 321 39.9 262 a7 4
15 0917 50.077 192.8 77 02.8 120 498 53 32 4
17 —1.408 51.653 56.7 322 11.5 349 10.5 278 32 4
19 —0.017 50.608 83.0 139 - - - - - - - - - 7 4
21 —-1.315 48 488 125.0 5h 375 93 30.5 32 32 4
22 —0.142 49 988 1155 94 26.8 138 20.3 78 32 4
23 —0.152 50.392 79.8 148 18.0 175 19.6 113 32 4
24 -1.395 48.492 116.8 a7 354 104 227 50 118 4
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Table 1. {continued)
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Sta- Lati- Long- M, Sy N Record
tion tude, itude, A, P, A, P, A, P, Length, Source
°N W cm °G cm °G cm °G days

30 —-0.200 50.683 65.6 179 —_ --- - - --- 7 4
31 —1.132 50.925 71.5 299 10.6 326 10.0 265 366 4
32 —1.183 48.467 119.4 35 3586 71 8.8 8 32 4
33 -0.917 48.283 143.7 10 44.1 52 28.2 349 32 4
34 —0.938 50.875 66.5 272 9.1 292 9.7 237 32 4
39 —1.533 48.750 111.2 77 343 119 18.7 60 47 4
44 —1.693 50.493 50.3 284 7.4 342 6.9 269 236 4
45 —1.100 51.238 68.7 316 10.1 352 8.7 293 224 4
46 -1.697 50.600 20.7 313 04 121 2.6 316 32 4
56 —1.822 49.817 54.0 179 12.0 226 5.4 160 32 4
87 —2.242 49.517 1114 180 25.4 226 20.0 184 32 4
a9 —0.432 50.420 124.9 141 239 137 --- --- 15 4
62 —0.057 51.180 106.0 198 24.3 234 19.0 165 61 4
72 0.033 51.050 105.4 191 20.6 223 21.5 159 32 4
75 -1.127 52.210 23.0 32 3.5 66 1.7 32 88 4
76 —0.930 52.427 35.9 330 5.0 115 3.2 48 93 4
83 —0.575 47.900 132.9 334 25.1 46 45.1 326 32 4
84 —0.725 50.770 67.8 241 14.9 266 15.0 204 32 4
85 ~0.725 50.770 70.9 81 13.3 270 11.3 152 216 4

Many of these tidal constants resuit from an analysis of sea level data obtained from the Brazil
Navy Hydrographic and Navigation Directory. A is amplitude, P is phase, and °G is degrees Greenwich.
Sources are 1, inverted echo sounder results (E. Katz, personal communication, 1991); 2, bottom pres-
sure results from Cartwright and Zetler [1985); 3, moored pressure measurements from EG&G [1981];
4, Brazil Navy Hydrographic and Navigation Directory; 5, moored pressure measurements from Alessi
et al. {1992]; and 6, National Oceanic and Atmospheric Administration [1973] Coast and Geodetic Survey.

*S indicates Salinopolis and "B indicates Belem.

diurnal band (E. Katz, personal communication, 1991).
The results (Table 2) show that although both CRS91
and S79 tend to overestimate the observed M, ampli-
tude, CRS91 differs less in both amplitude and phase
from in situ observations. The differences between both
cotidal charts and observation are less for Sy, with
CRS91 showing slightly better agreement. On the basis
of this very limited comparison, we have chosen to use
the CRS91 tidal data to describe the semidiurnal tidal
forcing off the Amazon shelf.

3. Description of the Semidiurral Tides
Over the Amazon Shelf

The geometry of the Amazon continental margin
is complex (Figure 2). Situated next to the Ceara
and Demerara abyssal plains, the Amazon continental
slope 1s relatively straight and aligned approximately

northwest—southeast except over the Amazon cone. The
shelf break occurs at a depth of about 100 m, and the
shelf width varies from a minimum of about 100 km to
the northwest near 4°N, to a maximum of about 250 km
near the mouths of the Amazon and Para Rivers, to
about 150 km to the southeast near 45°W. Since the
last glaciation, much of the suspended sediment dis-
charge of the Amazon River has been deposited off and
to the northwest of the Amazon River mouth, creating
a large, subaqueous delta of fine sediment [Nitfrouer et
al., 1983; 1991]. This delta extends offshore to about
the 60-m isobath, and as a result, the inner shelf be-
tween about 1 and 4°N is quite broad and shallow. Off-
shore of this delta, the outer shelf is relatively smooth
and covered with coarser relict sediment.

The bottom topography in the Amazon River mouth
is quite complex and not well known (Figures 2 and
12). Typical water depths in both the North and South
Channels exceed 20 m. As these channels reach the
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Table 2. Companson Between In Situ Tidal Measurements and the Tidal Charts of
Schurderske [1979] and Cartwright et al [1991] in the Western Equatorial Atlantic

.\rlg 52
Amplitude, Phase, Amplitude, Phase,
em °G cm °G
Comparison Near 51°W (n = 2)
579 —6.0 -7° -1.1 3°
CRS91 -1.3 -1° —0.4 3°
Comparison Near {4°W (n = 3)
S79 —143 £ 12.7 —17% £+ 10° -13+£37 =7 £ 13°
CR591 50+ 11.1 —8% + 12° 0.8+33 -5 + 12°

Comparisons are made between (top) two in situ bottom pressure measurement
sites located near 51°W (stations 5 and 6, Table 1) with the tidal charts of Schwidersk:
[1979] (S879) and Cartwright et al. {1991) (CSR91) and (bottom) three inverted echo
sounder (IES) sites located near 44°W (stations 1, 2, and 4, Table 1) with S79% and
(CRS91. For the bottom pressure comparison, the difference in amplitude (centimeters)
and phase (degrees Greenwich) are given. For the 1ES comparison, both mean differ-
ence and standard deviations are given. The tidal values at the IES station near 7°N
{(station 3} were not consistent with the others and were not included in this comparison.

river mouth, they shallow to depths less than 7 m. For
simplicity, we will define here the mouth of the Ama-
zon River to be the transverse shoal with water depth
less than 7 m which stretches between Cabo Maguari
{separating the South Channel and the Para River) and
Cabo Norte. The presence of a large and very shallow
bank (Banco Santa Rosa) between the North and South
Channels serves to separate the two channels and make
the depth profile offshore of this center region mono-
tonic. Northeast of Cabo Norte, a large shallow shoal
(called here the Cabo Norte shoal) extends about 90 km
offshare over the inner shelf. This shore-perpendicular
shoal may be clearly seen in the offshore extension of the
5-m 1sobath (Figure 2). Owing to its large size and very
shallow depth, this shoal tends to separate the Amazon
River mouth area from the shelf to the northwest and
may present a partial barrier to aleng-shore flow.

3.1. Coastal Tidal Admittance

An imtial picture of the response of this shelf region
to semidiurnal tidal forcing can be gained from the tidal
admittance at selected coastal and river stations. In
Figure 3 (top) the ratio of the coastal elevation ampli-
tude normalized by the ocean forcing elevation is plot-
ted for each constituent as a function of alengshore po-
sition and the difference in phase between the coast and
ocean is plotted in Figure 3 (middle). Figure 3 (bottom)
shows the shelf geometry and lecation of the eight shelf

and six river mouth stations. The ocean tidal forcing
was estimated using CRS91 along a transect parallel to
the shelf break and located about 50 km offshore of the
shelf break (to reduce the effects of spatial averaging
over the upper slope in the satellite-derived data}. The
coastal tide constituents were computed from sea level
records using harmonic analysis [Ferman, 1977] (see
Appendix A for a discussion of the analysis method);
the results, together with station location, record dura-
tion, and other information, are listed in Table 1.

In general, the cross-shelf phase difference for all
three semidiurnal constituents increases along the shelf
toward the Amazon River mouth. Within the river
mouth the inerease in phase upstream illustrates the
well-known observation that the semidiurnal tides prop-
agate upriver through the river mouth [Defant, 1961,
Ferrgz, 1975]. While there is considerable scatter in the
individual values for each constituent, the admittance
amplitude exhibits a clear along-shelf asymmetry, with
large amplitudes in excess of 3 occurring to the north
between Cabo Norte and Cabo Cassipore and maximum
amplitudes of less than 2.5 occurring to the southeast
of Cabo Norte, Within the Nerth and South Chan-
nels the average admittance amplitude is about 1.6 and
1.8, respectively. As each constituent propagates across
the shelf into shallower water, conservation of energy
leads to an increase in tidal elevation amplitude which
causes the admittance amplitude to exceed 1 despite
dissipation. In the river mouth the relative decrease in
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admittance amplitude from the adjacent shelf areas and
the phase structure indicate significant propagation of
tidal energy upriver. North of Cabo Norte, the increase
in coastal admittance amplitude with increasing shelf
width and existence of an amplitude maximum suggest

IHE M, TIDE ON THE AMAZON SHELF 2354
Amazon shelf station locations during AMASSEDS
n I T T T T
# Sea level stations
® Anchor stations ]
A Moorings
k ':{,"Oper;‘s\hele' transect
51° 50° 49 48 47° 46 45°
Figure 2. Topographic map of the Amazon continental margin. The 5-, 20-, 60-, 100-, and
2000-m isobaths are shown. Note the complex topography near the Amazon River mouth and
the latge shore-perpendicular shoal off Cabo Norte. The shelf break is located along the 100-m
isobath, and the 2000-m isobath indicates the location of the Amazon cone. Also shown are the
tocations of the three moored stations (M1-M3), the three river mouth anchor stations (RM1-
RM3), and the four open shelf anchor stations (OS1-OS4) where physical measurements were
made during AMASSEDS, and 39 coastal stations and one midshelf station where historical tide
measurements have been obtained. The AMASSEDS moored stations and three anchor stations
are located along the “open shelf” cross-shelf transect, and the three AMASSEDS niver mouth
anchor stations are located along the “river mouth” cross-shelf transect.
then ¢ 1
25 = e ) (1)
Cab Jo (,UL)
where
20 )
{(1—te) | (2)

that the semidiurnal tides in this area may be in near
resonance with their offshore forcing.

To illustrate this last point, we take advantage of the
equatorial setting of this shelf region (with Coriolis pa-
rameter f = {)) and consider the simple analytic cross-
shelf barotropic tidal model discussed by Clarke [1991].
The shelf tide is forced by the ocean tide prescribed at
the shelf break, the dynamics are linear, bottom friction
1s represented by a constant frictional decay timescale,
the bottom topography is linear between the coast and
the shelf break at the 100-m isobath, and all alongshore
effects are 1gnored. The coastal response function is

hT Ve

where (. and (,s are the coastal and shelf break eleva-
tions, respectively, Jo is the Bessel function of order 0
of the first kind, L is the width of the shelf between the
coast and shelf break, hg is the depth of the shelf break,
¢ is the tidal frequency, g is gravity, and ¢ is the ratio
of the tidal period to (27) times the friction timescale.
Using values of o and ¢ relevant for Mo, we plot in
Figure 3 the admittance amplitude and phase difference
predicted by (1) as a function of alongshore position for
the shelf to the northwest and southeast of the river
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Figure 3. Semidiurnal tidal admittance function at selected coastal stations along the Amazon
shelf region. (top) The admittance amplitude or the coastal elevation amplitude divided by the
elevation amplitude over the slope for the three main semidiurnal constituents. (middle} The dif-
ference in the elevation phase at the coast from that over the slope. (bottom) The locations of the
14 coastal stations. The 5- and 100-m isobaths are shown to indicate the general shape of the shelf
and the Cabo Norte shoal. Note the difference in the response between the Cabo Norte-Cabo
Cassipore embayment and the Amazon and Para river mouth region. The admittance amplitude
and phase difference predicted with the simple constant-slope analytic model described in sec-
tion 3.1 is denoted by the thick solid curves. The model friction parameter (¢ = 0.5) was picked
to give good agreement for M; elevation and transport along the open shelf transect.

mouth. Between Cabo Norte and Cabo Cassipore the
model predicts an amplitude maximum of about 3.4, in
rough agreement with the observed admittance ampli-
tude (although less than that exhibited by M;). While
the model underpredicts the cross-shelf phase difference
in this northern shelf region, especially at the two sta-

tions near Cabo Cassipore and Cabo Orange, the model
correctly estimates the alongshore trend in phase differ-
ence near the center of this area between Cabo Norte
and Cabo Cassipore. (The large underprediction of the
phase difference at these two stations may be due in part
to their jocations within local embayments. In general,
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this model will underestimate the observed phase differ-
ence presented in Figure 3 since the latter is the phase
difference between maximum elevation at the coast and
about 50 km offshore of the shelf break. Following
Clarke {1991], crude estimates of the amplitude and
phase variations which may occur across the continen-
tal slope (including the Amazon cone) are < 10 cm and
< 5-20°. These changes, being targely unknown, have
been ignored in constructing Figure 3.) Given a shelf
break depth of Ag = 100 m, the model predicts that in-
viscid quarter-wave resonance occurs for My at a shelf
width L = 268 km. With friction appropriate for My
the resonant shelf width is decreased to L = 252 km.
The maximum shelf width in this northern shelf area
is about 225 km, roughly 90% of the model resonant
value, suggesting that this northern shelf region is near
resonant at semidiurnal frequencies. To the southeast
of the Amazon River mouth, the model correctly pre-
dicts the alongshore trend in phase difference but over-
predicts the amplitude increase as the shelf gets wider
near the mouth of the Para River. This suggests that
a significant fraction of the onshore tidal energy flux
continues upstream into the Para and Amazon Rivers
rather than be reflected at the coast. This further sug-
gests that the Cabo Norte shoal plays an important role
in the asymmetry of the observed tidal response by in-
hibiting the onshore tidal energy flux entering the Cabo
Norte-Cabo Cassipore area from flowing into the Ama-
zon River mouth. Thus the amplitude maximum found
between Cabo Norte and Cabo Cassipore is due to a
combination of near-resonant shelf width and partial
isolation from the Amazon River mouth region.

M, elevation amplitude (m)

52°W
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The similarity of the Ma, S, and N2 admittance func-
tions suggests that the response of this shelf region is
essentially the same for these three constituents. Since
the offshore S; and Ny forcing have relative amplitude
ratios compared with the M» of about 0.3 and 0.2, we
expect large fortnightly (of order 30%) and monthly (of
order 50%) variability in the semidiurnal tide and tidal
currents over the whole shelf region. Even though the
rest of this paper is focused on the M3 constituent since
it is the most energetic and accurately observed con-
stituent, it is important to remember that the other
semidiurnal constituents are also quite energetic and
that the large spring-neap and monthly variations are
essential features of the regional semidiurnal tides.

3.2. M5 Cotidal Charts for the Amazon Shelf

We present next cotidal charts for the My elevation
and transport fields over the Amazon shelf based on all
available data. {We note that cotidal charts can be a
useful synthesis of available information about the ma-
jor harmonic constituents of the tide in a given area.
In the case of elevation, the cotidal chart presents con-
tours of equal amplitude and phase of each constituent
considered, while for transport it is necessary to de-
scribe the behavior of the four parameters defining the
tidal ellipse, i.e., the semimajor and semiminor axes, its
geographical orientation, and phase. For elevation the
phase indicates the time of maximum amplitude, while
for transport the phase indicates the time of maximum
transport along the semimajor axis in the direction indi-
cated by the given orientation. Unfortunately, the data

M, elevation phase (*G)
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Figure 4. (left) M, elevation amplitude {meters) and (right) elevation phase (degrees Green-
wich) for the Amazon shelf. These cotidal charts were drawn from elevation data at the shelf
stations, denoted by dots, and altimetric results from CRS91 offshore of the shelf break.



L T AT T N AP R

are seldom dense enough to draw unambiguous cotidal
charts so they contain a certain degree of arbitrariness.
However, they are of value in interpreting the data avail-
able, for checking results of further analyses on new ob-
servations, and for understanding the dynamics of the
tides. Usually, cotidal charts are restricted to elevation
since current measurements are seldom dense enough
spatially to construct a cotidal chart with any degree of
certainty. However, in recent years the large spatial cov-
erage which can be attained through shipboard ADCP
surveys has permitted construction of an approximate
transport cotidal chart for at least the major tidal con-
stituents within a given survey area. Whenever the tide
has a strong semidiurnal barotropic character, as in the
case for the Amazon shelf, the M, cotidal charts alone
suffice to give a good estimate of the mean amplitude
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of the tidal elevation at a given site and of the mean
time of high and low water, as well as the mean timing,
amplitude, and direction of the tidal currents present
in the region.)

The M: elevation cotidal chart (Figure 4) includes
data from 15 coastal stations located between 2°S and
4°N which are reasonably well exposed to the shelf
(Figure 2), the AMASSEDS moored and anchor sta-
tion data (Tables 1 and 3), and a monthiong record
taken over the midnorthern shelf from an exploration
oil platform in 80 m of water (Table 1}. M; eleva-
tion amplitude and phase information from 50 km and
greater offshore of the shelf break is taken from CRS91.
The M3 transport cotidal chart (Figure 5) incorporates
ADCP data from AMASSEDS cruises 1 {August 1989),
2 (March 1990), 3 (May 1990) and 4 {November 1991),

Table 3. Anchor Station Tidal Measurements Made During AMASSEDS

M, Elevation M. Transport

Semi- Semi-
Sta- Lati- Longi- Start Dura- Water Ampli- major minor Flood Inclin-
tion tude, tude, Date tion, Depth, tudes, Phase, Axis, Axis, Phase, ation,
°N W hours m m °G m?/s m?/s °G °N
Riwver Mouth
RM1 1.250 49.485 Nov. 18, 1991 25 15.4 1.39 38 216 3.2 13 23
RM2 1392 49.396 March 20,1990 25 13.5 1.33 350 18.0 3.2 325 29
1.392 49.398 June 12, 1990 11 13.7 .90 16 14.7 43 347 32
RM3 1.665 49.161 March 10, 1990 25 10.9 1.07 333 14.5 1.6 294 49
1.631 49205 March 21, 1990 12 10.9 1.00 323 11.8 5.5 311 35
1.689 496.155  June 2, 1990 25 10.9 91 346 14.3 5.5 305 at
1.688 49.177 June 12, 1990 12 10.6 1.20 340 13.9 3.0 292 53
Open Shelf
0OS1 2.885 50.721 March 16, 1990 25 11.8 2.36 294 13.7 -0.3 220 11
2.928 50.709  June 8, 1990 25 12.0 2.58 275 17.0 1.7 209 14
2.893 50.709 Nov. 18, 1991 26 13.0 231 281 16.1 2.6 214 11
052 3.105 50.315 March 15, 1990 25 17.9 1.94 275 26.3 23 215 30
3.111 50.316 June 15, 1990 25 18.2 1.65 263 31.7 5.6 203 31
3.125 50.297 Nov. 19, 1991 25 18.9 1.22 255 19.7 1.7 200 28
083 3.331 50.004 March 12,1990 25 39.4 .44 250 31.1 0.4 203 33
3.335 50.003  June 4, 1990 25 40.3 1.10 252 35.9 0.0 196 36
3.335 50.000 Nov. 21, 1991 13 38.7 0.74 245 22.4 -0.3 193 32
0S4 2.541 49.773 March 18,1990 25 17.2 171 285 23.9 4.5 218 45
2.524 49.815 June 10, 1990 15 16.6 1.34 304 20.8 4.9 235 47

Tidal elevation and volume transport measurements were made at anchor stations during AMASSEDS,
Owing to the shortness of the anchor stations, only the M, constituent was estimated using harmonic analysis
and inference from a reference station. The elevation and transport phases are given in degrees Greenwich,

indicating the phases of maximum surface elevation and
of the semimajor axis (during ebb) is given in degrees
locations.

flood (onshore) current. The inclination or orientation
clockwise relative to north. See Figure 2 for station
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Figure 5. M: volume transport cotidal chart for the Amazon shelf based on 1327 hourly aver-
aged acoustic Doppler current profiler (ADCP) transport measurements and anchor and moored
current time series collected during AMASSEDS. (left) The distribution of the ADCP data (the
locations of the anchor and moored stations shown in Figure 2). (right) The fitted transport el-
lipses with the phase of maximum flood (onshore) flow given in degrees Greenwich with a contour

interval of 30°.

which amount to the 1327 hourly averaged ADCP data
points located over the shelf as shown in Figure ba,
and 400 hours of transport observations made at the
AMASSEDS M1 and M2 mooring sites (Table 4 and
Figure 2). These transport observations have been com-
bined using the empirical analysis technique described
by Candela et al [1992] to produce the M transport
chart. In this technique the spatial structure of the
dominant tidal and steady components are represented
by polynomials; the results shown here were obtained
with a second-degree polynormial fit for My and first-
degree polynomials for the S9 and steady components.

There is a marked difference in the M5 tidal behav-
lor in front of the Amazon River mouth and in the
northwest shelf as indicated above. Lines of constant
phase, contoured over the shelf every 30° (which corre-
sponds to about 1 hour 1n time) both for elevation and
transport, indicate that the tidal elevation signal takes
roughly 2 hours to propagate from the shelf break to the
coast in the northwest shelf, while the associated trans-
port signal 1s more nearly simultaneous over the whole
northwest shelf. There is a 200% increase in elevation
amplitude from the shelf break to the coast in this re-
gion. The transport ellipses are nearly perpendicular to
the local isobaths and rectilinear (weak ellipticity) over
the whole shelf, decreasing in strength toward the coast.
The phase difference between elevation and transport is
close to 60° over most of the northwest shelf, increasing
to about 90° near the coast as expected of a standing

wave subject to friction. In front of the Amazon River
mouth the tidal elevation signal takes about 5 hours to
propagate from the shelf break to the river entrance,
with a 50% increase in amplitude at the river entrance
with respect to that observed at the shelf break. To the
south of the Amazon River mouth the M, tide tends to
behave similarly to the northwest shelf, i.e., with more
of a standing wave character but with weaker cross-shelf
amplification,

3.3. Mg Cotidal Charts for the Lower Amazon
and Para Rivers

Next we present M, elevation cotidal charts for the
lower Amazon and Para Rivers (Figure 6), based on 37
sea level records from within the two rivers (Table 1).
The regular pattern observed over the inner shelf in
front of the river mouth breaks down as soon as the M+
tidal wave enters the main Amazon River branches (the
North and South Channels) and the Para River. How-
ever, the wave propagates with a similar rate in all three
channels, showing the same phase {300°) some 350 km
into the river mouth as over the inner shelf in front of
the river mouth. The M, elevation amplitude shows
a general decay as it progresses upriver with a more
than 70% decrease over a distance of about 350 km
from the outermost to the innermost rver station con-
sidered here. There are strong gradients in amplitude in
the narrow channels between the islands separating the
North and South Channels. These are particularly large
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Table 4a. Semidiurnal Tidal Transport Ellipse Parameters at the AMASSEDS Moor-

ing sites M1-M3

10PNy TEIE WA TR AMALGN SHEGE

Semimajor Semiminor
Site Axis, Axis, Inclination, Phase,
m?/s m?/s °L °G
M2
M1 246 £ 0.5 12+05 1935 £ 1.1 2103+ 1.1
M2 307 +05 26+03 188.2 + 0.6 204.2 %09
M3 308+ 07 —54+£086 189.4 + 1.3 1834+ 1.3
52
M1 46 + 0.6 0.0+ 0.6 195.1 + 3.4 2495 + 3.2
M2 6.0+ 0.6 05+04 185.2 + 1.7 2383 + 2.5
M3 73+08 -15+08 193.0 £ 3.3 2154+ 34
N2
M1 45+ 0.5 -0.14+05 193.2 £ 6.1 2139 £ 58
M2 38+ 0.5 04403 189.1 + 3.0 199.7 + 4.6
M3 5.3+ 0.7 0.5+ 06 1912 +£ 71 1787 £ 7.2

The semimajor and semiminor axes are listed in square meters per second; the
inclination or orientation of flood transport is given in degrees local measured coun-
terclockwise from 45°N, the average cross-shelf direction along the moored array tran-
sect, and the phase in degrees Greenwich. The mooring site locations, data record
lengths, and mean water depth are given below. See Figure 2 for map showing station

locations.

in the channels in the eastern region of the river mouth.
The main effect of these amplitude gradients is to ho-
mogenize the tidal characteristics in the two channels,
so that in the inner river mouth the two channels have
similar M, amplitude and phase values at comparable
distances from the seaward end of the river mouth.
The structure of the My tidal wave over the inner shelf
region just offshore of the river mouth is particularly
complex. From the available data on the tide over the
mid- and outer shelf and the shallow depths found in
the river mouth we expect the tidal wave to increase its
amplitude over the inner shelf within the river mouth
before progressing up the narrow channels. However,
the specific structure of this increase will depend on the

local topography and dissipation processes which are
both not well known and may be quite complex. This
region needs further direct measurements before the M,
tidal amplitude (and phase) can be mapped with any
certainty.

4. A Dynamical Model for the Amazon
Shelf M, Tide

The semidiurnal coastal admittance and M, cotidal
charts presented above suggest that the shelf area be-
tween Cabo Norte and Cabo Cassipore is in near res-
onance at semidiurnal frequencies, while southeast of

Table 4b. AMASSEDS Mooring Site Positions, Local Water Depths, and Trans-

port Record Periods

Lati- Longi- Water Start Record
Site tude, tude, Depth, Date, Length,

°N W m 1990 days
M1 3.075 50.313 18 Feb. 9 62
M2 3.385 49.940 65 Feb. 10 65
M3 4.072 49 623 103 Feb. 10 80
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Figure 6. (top) M, elevation amplitude (meters) and
(bottom) elevation phase (degrees Greenwich) for the
Amazon and Para river mouth region. These cotidal

charts were drawn from elevation data at coastal and
river stations denoted by dots.

Cabo Norte, the Amazon and Para Rivers absorb a
small but significant fraction of the incident tidal en-
ergy. In this section we present a simple dynamical
model to support this conceptual picture of the Ama-
zon shelf tidal response.

The basic model is a numerical version of the sim-
ple cross-shelf barotropic tidal model introduced earlier.
The governing momentum and continuity equations are

du ¢ Cilulu

o T e R

a¢ 19 @
T + Ga—r(whu)zo ,

where z is the cross-shelf coordinate (positive onshore},
¢ is the free surface, u 15 the onshore velocity, £ is the
mean water depth, and w is the width of the cross-
shelf channel being considered. Any along-shelf varia-
tion in forcing or response is ignored. The model dy-
namics are linear with the exception of bottom stress,
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which we take to be a quadratic function of velocity,
with C; the drag coefficient. (Experiments conducted
with the full nonlinear momentum and continuity equa-
tions did not change the model results appreciably, so
the simpler dynamics contained in (3) were used. For
example, for case B presented in section 4.1, nonlinear-
ity caused a decrease of 4% or less in global quanti-
ties like total mechanical energy and dissipation and a
maximum decrease in My elevation and transport (pri-
marily nearshore) of 6% or less.) The governing equa-
tions are solved numerically on a staggered time and
space grid following Flather and Heaps [1975] with lin-
ear term derivatives approximated with centered differ-
ences. The quadratic bottom stress term is also cen-
tered in time following Greenberg [1983]. The model
is driven by the surface elevation specified at the shelf
break. Typically, the model equations are integrated
for four tidal periods (equilibrium is generally reached
after two periods), and the results of the last period are
analyzed to determine the tidal constituents and their
spatial behavior. The primary benefit of using this nu-
merical approach is to allow us to examine the influence
of realistic bottom topography, channel width, and bot-
tom stress on the cross-shelf structure of the M, tide.

Current and elevation data were collected at moored
and anchor stations located along two cross-shelf tran-
sects during AMASSEDS (Figure 2 and Tables 3 and 4).
The “open shelf” transect starts at the coast at 2°35'N,
50°50'W and extends across shelf with an orientation of
43°N (chosen to be perpendicular to the regional orien-
tation of the 100-m isobath). The length of this transect
from the coast to the 100-m isobath is about 215 km.
One coastal tide station and three of the four open shelf
anchor stations (O81-0S3) are located roughly along
this transect as are the three moored stations (M1-M3).
The “river mouth” transect starts in the North Chan-
nel at Punta do Ceu at 0°44'N, 50°07'W, follows the
channel to 0°48’'N, 50°W, then extends along the chan-
nel and across the shelf with an orientation of 43°N.
The total length of this transect is about 315 km, with
the river mouth sill located roughly 140 km from the
transect origin. Two coastal tide stations and the three
river mouth anchor stations {RM1-RM3) are located
along this transect.

We will apply our model along these two transects
and use the tidal observations made there to help select
the “best” drag coefficient and channel width (the two
free model parameters) and compare with the model re-
sults. A combination of depth data obtained from navi-
gation charts and at anchor, moored, and CTD stations
was used to determine the model depth profile along
each transect. This was straightforward for the open
shelf transect but more difficult within the river mouth
where the North Channel topography is quite complex
{Figures 2 and 12). The model incorporates a no-flux
condition at the coast for the open shelf transect. For
the river mouth transect the channel depth and width
at the origin of the transect is continued 600 km up-
stream where a simple explicit radiation boundary con-
dition is applied [Chapman, 1985]. This allows the in-
cident tidal wave to propagate upstream through the



model river mouth without significant reflection due to
the upstream boundary condition.

4.1. The Open Shelf Transect

The model is first applied to the open shelf transect
where the topography is simpler and better known and
more tidal data are available, To simplify the initial
model parameter fitting, the channel width is kept equal
to unity and the drag coefficient considered to be con-
stant independent of cross-shelf position. The magni-
tude of the drag coeflicient is then varied to minimize
differences between data and model. As shown above
(Figure 5), the observed M; transport is nearly rectilin-
car and oriented primarily across the local isobaths in
this shelf region. To make the transport data directly
comparable with the model transport, the semimajor
axis of the M; transport observed at the anchor and
moored stations and with the ADCP was projected onto
the transect. Since the angle between the semimajor
axis and the transect is generally less than 15° {except
at OS] where the largest angle is"33°), the reduction
in transport amplitude is typically small, less than 5%.
The Mg forcing at the model shelf break is estimated
from the M, cotidal charts {Figure 4); the values used
are {( = 0.80 m and 233 degrees Greenwich (°G) (this
represents a 10% increase in amplitude and 6° phase lag
from the values given for 50 km offshore by CSR91).

The model results for the open shelf transect are
shown in Figure 7. The best qualitative data/model
agreement was obtained with Cy = 0.0016. Figure 7a
shows the cross-shell depth profile and, for compari-
son, a linear depth profile from the coast to the shelf
break. The presence of the modern subaqueous delta is
clearly seen out to a depth of about 60 m. Figure 7b
shows the tidal elevation norrnalized by the amplitude
of the forcing at the shelf break and the elevation phase
lag as a function of cross-shell position. The model-
normalized elevation amplitude increases monotonically
onshore and reaches a maximum of 3.2 at the coast. All
model and observed phases are plotted relative to the
phase of the elevation forcing at the shelf break, so that
the model elevation phase increases from 0 at the shelf
break to about 88° at the coast. Figure 7c shows the
model and observed transport amplitude and relative
phase. In addition to the anchor and moored transport
results, the amplitude and phase of the ADCP-derived
transport along the transect is also plotted. (While the
cross-shelf shape of the ADCP-derived transport am-
plitude is consistent with the anchor and moored trans-
port estimates, the ADCP-derived transport values ap-
pear to be roughly 10-20% low in comparison. The
ADCP-derived transport phase and anchor and moored
transport phase estimates agree within about 20°, al-
though their cross-shelf dependencies are opposite. The
exact reasons for these differences are not understood,
although some part may be due to the spatial smoothing
inherent in the polynomial fitting. Despite these differ-
ences we believe the basic structure of the M, transport
field is correctly captured in the cotidal chart shown
in Figure 5 even though the transport amplitude may
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Figure 7. Comparison between constant-width chan-
nel model and observations along the open shelf tran-
sect. (a) Cross-shelf depth profile, (b) elevation ampli-
tude scaled by shelf break forcing and elevation phase,
(¢) transport amplitude and phase, and {d) phase dif-
ference (in degrees) between elevation and transport.
Elevation and transport phases are shown in radians ref-
erenced to the phase of the elevation forcing at the shelf
break. Elevation and transport measurements from
coastal, moored and anchor stations, and the ADCP are
shown for comparison with the model predictions. Also
shown for comparison are the elevation and transport
predicted with an analytic model for the constant-slope
depth profile shown in Figure 7a. The analytic model
is described in section 3.1; the nondimensional friction
parameter ¢ = 0.5.

be underestimated by as much as 20%.) The model
transport decreases monotonically onshore from about
39 m?/s to zero at the coast. Figure 7d shows the model
and observed difference between elevation and transport
phase. Since the “coast” in the model is really a shal-
low, vertical wall where the transport must vanish, wave
reflection occurs in the model and the model tidal wave
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approaches a standing wave at the coast, with elevation
and transport approaching 90° out of phase. At the
shelf break the model elevation-transport phase differ-
ence is about 36°, indicating significant onshore tidal
energy flux.

The agreement between model and observed eleva-
tion and transport is generally good over the mid- and
outer shelf, but over the inner shelf the model over-
predicts the phase lag of both elevation and transport.
This tendency, plus the overprediction of the elevation-
transport phase difference near the coast, suggest that
some tidal energy is leaving the transect laterally near
the coast. This is supported by the tendency for the
observed transport orientation to be more alongshore
near the coast (Figure 5). This means that the open
shelf transect is located close to but not along the cen-
tral axis of this shelf region. From the M5 cotidal charts
and shell geometry we suggest that the central axs is
located roughly 70 km to the southeast, where the shelf
is widest.

As the first step toward a more realistic model of this
shelf region, we now consider a variable-width channel
model to fit along the central axis. The channel length
is increased by 20 km to 235 km, and the cross-shelf
depth profile used above has been extended shoreward
to a minimum depth of 5 m at the coast. The chan-
ne! nondimensional width is aliowed to decrease from
w = 1 over the outer shelf to a value wp,, less than
1 at the coast. To simplify the model, only a linear
variation in w is considered, with z,, being the distance
from shore where w starts to decrease. Numerical ex-
periments were conducted with different wnin, 24, and
Cy, and the results were compared with the open shelf
transect data described above plus additional tidal data
from one coastal station, one outer shelf pressure sta-
tion, and the open shelf anchor station 0S4 (see Fig-
ure 2). In this model/data comparison we consider all
data to be representative of conditions along the cen-
terline and thus plot the observed data as a function of
distance offshore from the new model coast.

The results of this variable-width centerline model are
presented in Figure 8. The best qualitative model/data
agreement was obtained with a wp, = 03, zy =
90 km, and Cy = 0.0013. This choice of channel width
appears consistent with the shelf geometry (see Fig-
ure 2) and is shown in Figure 8a with the cross-shelf
depth profile. As before, the normalized elevation.am-
plitude (Figure 8b) increases monotonically onshore but
now reaches a maximum of about 3.9 at the coast. The
elevation phase lag also increases monotonically onshore
but now is approximately linear across the inner shelf,
reflecting the competing tendencies for the phase speed
to decrease with decreasing water depth and increase
with decreasing channel width. The model transport
(Figure 8c) decreases monotonically onshore from about
40 m?/s to zero at the coast, exhibiting a slight kink at
r = 90 km where the channel starts to converge. The
model transport phase lag increases shoreward from
the shelf break, with an approximately linear phase
speed over the inner shelf. The phase difference be-

Depth and width profiles along open shelf centerfine

0
E
£ S0
Q
L1
[s]
100 % """"""""""""""
i 1
M2 transport data/model comparisan - open shelf centerline
o A & Mogred and ] b
-] Coastal stations
2 F & Anchor stn. amplitude
a & Anchor stn. phase
E 3
o
2 -
=
wp 2+
v
a1} oo S A
8 o
B 8 T g .9
| .

0 1 1
M2 transport data/model comparisan - open shelf centertine

0. 1x amplitude

U (mz.'s)

Ao (deg)

M2 current, bottom stress, and dissipation - open shelf centerline

4
3 —— Uy 3mplitude {m/s)
- Ty max (INM?) e
L e - D (Wim2)
1k e
0 L 1 Lo P
[\] 50 100 150 200 250

Distance offshore (km)

Figure 8. Comparison between variable-width chan-
nel model and observations along the open shelf center-
line. (a) Cross-shelf depth and channel width profiles,
(b) elevation amplitude scaled by shelf break forcing
and elevation phase, (c) transport amplitude and phase,
(d) phase difference (in degrees) between elevation and
transport, and (e) distribution of My current amplitude,
maximum bottom stress, and dissipation. As in Fig-
ure 7, elevation and transport phases are shown in ra-
dians referenced to the phase of the elevation forcing at
the shelf break, and clevation and transport measure-
ments from coastal, moored and anchor stations, and
the ADCP are shown for comparison with the model
predictions. To simplify plotting, the channel width
profile has been scaled in Figure 8a to equal 100 at the
shelf break: the actual shape is shown superimposed on
the shelf topographic map in Figure 2.
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tween model elevation and transport at the shelt break
1s now about 45°(Figure 8d). Figure 8e shows the cross-
shelf distributions of model velocity ampiitude, maxi-
mum bottom stress, and dissipation. The model ve-
locity, bottom stress, and dissipation reach maximum
values of 1.26 m/s, 2.06 N/m?, and 1.27 W/m?, respec-
tively, near £ = 40 km over the inner shelf within the
channel convergence. The total dissipation equals the
onshore energy flux of 1.05 x L0°W/m at the shelf break.

The above results demonstrate that reasonable agree-
ment between model and observed data for the M,
tide can be obtained in this shelf region with a sim-
ple variable-width cross-shelf channel model. For this
model geometry most of the tidal energy dissipation oc-
curs over the inner shelf in water depths less than 20 m.
Over the inner shelf the tide propagates with a phase
speed set primarily by the water depth and channel
width (with bottom friction being relatively unimpor-
tant). These two parameters also set, for the most part,
the phase difference between elevation and transport.
Since decreasing the minimum width of the coast w o,
(thus increasing the channel convergence) increases the
tidal phase speed but decreases the elevation-transport
phase difference, model/data comparisons (not shown)
clearly suggest that wn;,, = 0.3 with a maximum un-
certainty of £0.1. The uncertainty in choosing Cy is
roughly +0.0002.

The above model results were obtained with a con-
stant Cy. There is good reason to believe that the ac-
tual Cy is not uniform across the shelf. Over the outer
shelf the bottom consists of coarse relict sands with bed
forms and sand waves oriented across the local isobaths,
roughly parallel to the tidal currents [Nittrouer et al.,
1983]. Near-bottom current measurements made with
a bottom tripod system (Geoprobe) at a water depth
of 65 m at the M2 mooring site by Cacchione et al.
[1995] allow bottom stress there to be estimated using
tidal log-layer theory [Soulsby and Dyer, 1981}, A re-
gression of the My component of bottom stress against
!'u | u, where u is the depth-averaged M, velocity, yields
Caq = 0.0027, which is probably representative of Cy
over the outer shelf. Since less than 4% of the model
tidal energy dissipation occurs over the outer shelf, in-
creasing Cy there to 0.0027 does not change the model
solution significantly {Table 3). This implies that €,
over the inner shelf must be significantly smaller than
the outer shelf value in order to achieve the shelf-wide
value of 0.0013 suggested by the variable-width model
fit,

The Amazon inner shelf region is noted for fluid
muds which can cover large areas as a bottom layer of
highly concentrated suspended sediment (with concen-
trations greater than 10 g/L). As part of AMASSEDS,
a small, instrumented tripod developed by Sternberg
et al. [1991] was used to obtain high-resolution verti-
cal profiles of suspended-sediment concentration, cur-
rent speed and direction, temperature, and conductiv-
ity. Measurements made with this system during hy-
drographic surveys and anchor stations plus other bot-
tom observations have allowed Kineke and Sternberg
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Figure 9. Distribution of fluid mud layers found
over Amazon shelf during the four AMASSEDS cruises.
These patterns are based on suspended-sediment profile
measurements and other bottom sampling conducted
during various legs during each cruise. Figure is re-
drawn from Kineke and Sternberg [1895].

[1995]) to construct maps illustrating the spatial extent
of the fluid mud layers found during the four AMAS-
SEDS cruises (Figure 9). A sequence of vertical profiles
of velocity, salinity, and suspended-sediment concentra-
tion obtained over one tidal cycle at the open shelf an-
chor station OS2 during March 15, 1990, is shown in
Figure 10 to illustrate the general structure of an Ama-
zon shelf fluid mud layer and its pronounced effect on
the vertical structure of velocity. Note that despite the
very large tidal currents (in excess of 1 m/s) and shal-
low water depth (less than 20 m), the velocity shear
is concentrated in a relative thin (2-4 m thick) bottom
layer (which includes the thinner fluid mud layer), above
which the velocity s more constant with height above
the bottom [Geyer and Kineke, this issue]. Analyses
of the velocity profiles obtained at this anchor station
by Geyer and Kineke suggest that the effective drag co-
efficient felt by the overlying fluid during that 25-hour
period was about 0.00016, only 12% of the value used in
the basic solution presented above, and only 6% of the
value obtained from the Geoprobe measurements over
the outer shelf. The large stable stratification caused
by the suspended sediment occurring in the fluid mud
layer apparently tends to inhibit the vertical turbulent
eddy flux of momentum within the layer, thus reduc-
ing the turbulent drag on the fluid above the fluid mud
layer [Trowbridge and Kineke, 1994]. Since fluid mud
layers can be found over much of the inner shelf in this
region, we conclude that they locally lower the drag on
the M, transport and result in a spatial and temporal
mean value of Cy close to that given by the best model
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Figure 10. Tidal variations of velocity, salinity, and suspended sediment at open shelf anchor
station OS2 on March 15, 1990. (top) Salinity, water depth, and fluid mud layer as a function
of time through a 25-hour sampling period. The fluid mud layer is shown as stippled, with
suspended sediment concentrations exceeding 10 g/I. and 30 g/L, indicated by light and dark
stippling, respectively. Remaining panels show vertical profiles of along- and cross-shelf current,
salinity, and suspended-sediment (as labeled) observed at 2-hour intervals during the times indi-
cated in the top panel. Note that the region of high shear in the cross-shelf velocity profiles 1s

confined to the lowest 2-5 m, indicating that most of the tidal houndary layer occurs in the fluid
mud layer. This figure adapted from Geyer and Kincke [this issue].
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Figure 11. Sensitivity study of open shelf variable-
width channel model to variations in bottom friction
coefficient Cy. (a) Cross-shelf depth and channel width
profiles, (b) cross-shelf profiles of Cy for five cases
(case A—case E), (c) scaled elevation amplitude and
phase, (d) transport amplitude and phase, (e} current
amplitude, and (f) maximum bottom stress distribu-
tion. Note that there is little variation in elevation and

transport except for case C. See Table 5 for details of
the five cases.

fit, 0.0013. (While values of C; found in the literature
vary widely, we note that Uncles and Stephens {1990]
found good agreement between observed elevations and
currents in the Tamar Estuary and a cross-sectionally
averaged numerical tidal model using Cy = 0.0018. Lo
cated in southwestern England, the Tamar Estuary is
known to have intertidal mud flats and fluid muds in
1ts upper reaches [Stephens et al., 1992]. Gliese and Jay
[1989] found that the large near-bottom stratification
associated with the salt wedge in the lower Columbia
River estuary reduced the eflective Cy on tidal flow to
Cq4 = 0.0008, which is the lowest value reported in the
literature to our knowledge.)

To examine the sensitivity of the basic model to spa-
tial variation in Cy, we show in Figure 11 and Table 5

results for five different cross-shelf C,; distributions as
follows: case A, Cy = 0.0013 everywhere (the basic
case presented above); case B, Cy = 0.0013 except
over the outer shelf (h > 44 m) where Cy = 0.0027;
case C, Cq = 0.0027 over the entire shelf; case D,
Cq = 0.0027 over the outer shelf and Cy = 0.0017 over
the inner shelf except between z = 50 and 100 km where
Cq = 0.0008, and case E, Cy = 0.0027 over the outer
shelf and Cy = 0.0022 over the inner shelf except be-
tween z = 50 and 100 km where Cy = 0.0002, Case C
represents the situation where the outer shelf Cy is ap-
plied over the entire shelf. Cases D and E represent
possible further reductions in C; from the basic case
due to a discrete band of fluid mud located between 50
and 100 km offshore, with the minimum value of Cj in
case E picked to be consistent with the lowest values of
Cq estimated at anchor stations in fluid muds by W. R.
Geyer and J. H. Trowbridge (personal communication,
1993). In both cases D and E, the intermediate value of
Ca used for the rest of the inner shelf was chosen to give
a constant spatial average of C; over the inner shelf of
0.0013.

Applying the outer shelf Cy = 0.0027 over the entire
shelf (case C) leads to a significant (and clearly unreal-
istic) underprediction of elevation and transport, while
increasing the outer shelf Cy from the basic case value
of 0.0013 (case A) to 0.0027 (case B) makes very lit-
tle difference since so little dissipation occurs over the
outer shelf. Since the spatially averaged C; over the in-
ner shelf is constant in cases A, B, D, and E, decreasing
Cy in the inner shelf fluid mud band while increasing C;
over the rest of the inner shelf (cases D and E) has little
net effect on the elevation and transport fields over the
shelf. This spatial variation in Cy; does lead to large
variations in bottom stress over the inner shelf, with
maximum bottom stresses in and just outside the fluid
mud band for case E. The possible implications of this
bottom-stress distribution on the formation and main-
tenance of the fluid mud layers will be discussed later.
We conclude from this sensitivity study that while fluid
mud layers occurring over the inner shelf may locally
lower the effective Cy to minimum values near 0.0002,
the large scale of the M, tide integrates over smaller-
scale variations in Cy. This result strengthens our ear-
lier conclusion that fluid muds must lead to a significant
reduction in the spatial and temporal mean C; over the
nner shelf as indicated by the best model/data fit.

The above results suggest that we can consider the
Amazon shelf between Cabo Norte and Cabo Cassipore
as a large coastal embayment into which the semidiurnal
tide propagates from the open ocean. In general, the
degree of tidal amplification depends on both the char-
acteristics of the embayment (i.e., water depth, channel
length and width, and bottom-friction coefficient) and
the tidal forcing at the shelf break (elevation amplitude
and frequency). To examine the resonant properties of
this embayment over the semidiurnal tidal band, we de-
termined the resonant period and quality factor ¢ for
the five cases presented in Table 5 as follows. Model
runs were made for each case with fixed (5 but differ-
ent &, and the ¢ which maximized the total mechanical
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Table 5. Resuits of Five Sensitivity Experiments

Case

A B C D E

10% Cy4 Quter shelfl 1.3 2.7 2.7 2.7 2.7
Inner shelf 1.3 1.3 2.7 1.7 2.2

FM band 1.3 1.3 2.7 0.8 0.2

KE, 10° J/m 0.96 0.94 0.52 0.99 1.07
PE, 10° J/m 1.39 1.35 0.87 1.41 1.49
TE, 10° J/m 2.35 2.29 1.39 2.40 2.56
TD, 10° W/m 1.06 1.05 0.79 1.09 1.13
oyie 3.90 3.85 2.72 3.93 3.99
¢, deg B6.8 87.6 100.5 89.1 89.9
Umax, /S at 40 km 1.26 1.25 0.86 1.30 1.40
Typaes N/m? at 40 km 2.06 2.03 2.02 2.82 4.04
Dmaxs \/V/m2 at 40 km 1.27 1.22 0.88 1.72 2.41
Qres 2.94 2.89 2.36 2.91 2.97
Tres, hours 11.8 11.9 11.6 118 11.7

Five numerical experiments to test the sensitivity of the variable-width channel
model to cross-shelf variations in the bottom drag coefficient Cg were conducted
within the Cabo Norte-Cabo Cassipore embayment, Case A represents the standard
case shown in Figure 8; case B has a larger and more realistic Cy4 over the outer shelf;
case C applies that larger, outer shelf Cy over the entire shelf; and cases D and E
represent possible further reductions in C; from the standard case due to a discrete
band of fiuid mud (FM) located between 50 and 100 km offshore. In both cases D
and E, the intermediate value of Cy used for the rest of the inner shelf was chosen
to give a constant spatial average of Cy over the inner shelf of 0.0013, the value used
in the standard case. Results listed include the total kinetic energy (KE), potential
energy (PE), total energy (TE), total dissipation (TD), ratio of coastal elevation to
shelf break elevation, coastal elevation phase lag, and maximum My current, bottom
stress, and dissipation. The quality factor Q at the resonant period and the resonant
period for each model configuration are given at the bottom. Here Q = ¢ TE/TD
{see Godin [1992] for discussion of definition and applicabilty of Q to tidal studies).
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energy within the embayment was taken as the reso-
nant frequency. With the exception of case C {which
we consider to be unrealistic) the resonant period for
the other four cases varied from 11.7 to 11.% hoeurs and
) from 2.8 to 3.0. For case B (perhaps the most re-
alistic case) the resonant period is 11.9 hours and the
average energy dissipation per forcing period is roughly
27/ = 2.2 times the average mechanical energy in the
embayment. Since dissipation is relatively large (lead-
ing to a small (), the amplification does not vary much
aver the sermnidiurnal band, with less than a 4% decrease
in elevation amplitude at the coast as the frequency is
increased from Ny to S;. This suggests that the tidal
response of the Cabo Norte to Cabo Cassipore embay-
ment should be quite similar over the entire semidiurnal
band.

4.2. The River Mouth Transect

The variable-width channel model is next applied to
the river mouth transect where the topography is much

more complex (Figures 2 and 12), and the anchor sta-
tion data (Table 3} are less certain. (The anchor station
tidal results were obtained by simple harmonic analy-
sis using a long nearby current or pressure time series
as a reference station. For the open shelf anchor sta-
tions the long pressure and current records from the M2
mooring site were used for reference. These stations
were located close enough that the relative amplitudes
and phases of the semidiurnal constituents should be
quite similar. Unfortunately, the closest suitable ref-
erence station for the river mouth anchor stations was
Salinapolis (or Belem). It is unknown how much error
or uncertainty this introduced into the river mouth an-
chor station tidal results.) A simplified channel depth
profile was developed from navigation charts and ship-
board measurements in which the river mouth sill is
represented as a broad plateau 100 km wide and 10 m
deep. Since the mean river discharge velocity in the
North Channel is estimated to be less than 5% of the
local gravity wave speed [(gh)!/?], we ignore the mean
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Figure 12. Topographic map of the Amazon River mouth, showing the locations of the three
river mouth anchor stations (RM1-RM3) and two coastal sea level stations and the shape of the
variable-width channel used to model the M, tide across the shelf and into the North Channel.
The 3-, 10-, and 20-m isobaths are shown for reference; note the complex topography within each
channel, the large bank (Banco Santa Rosa) and shore-parallel shoal between channels, and the

large shore-perpendicular Cabo Norte Shoal.

river discharge in the model velocity field. To simplify
the model parameter fitting, the drag coefficient over
the outer shelf was kept equal to 0.0027 and Cy over
the inner shelf varied and the channel width was var-
ied linearly. Fluid muds were found at stations within
the river mouth area during AMASSEDS (Figure 9),
so we should expect to see some reduction in C, over
the inner sheif as found to the northwest. As shown
above (Figure 5), the observed M, transport is nearly
rectilinear and oriented primarily along the channel axis
and thus parallel to the river mouth transect. To make
the transport data directly comparable with the model
transport, the semimajor axis of the M, transport ob-
served at the anchor stations and with the ADCP was
projected onto the transect. Since the angle between
the semimajor axis and the transect is less than 20°,
the reduction in transport armplitude is typically small,
less than 4%. The M, forcing at the model shelf break
was estimated from the My cotidal maps (Figure 4); the

values used are { = 0.85 m and 245°G (this represents
a 10% increase in amplitude and 12° phase lag from the
values given for 50 km offshore by CSR91).

The model results for the river mouth transect are
shown in Figure 13. The best qualitative data/model
agreement was obtained with a channel width which de-
creased from w =1 at » = 170 km to wp,, = 0.08 at
z = 0 km (see Figure 12) and an inner shelf Cy = 0.001.
Figure 13a shows the cross-shelf channel depth and
width profiles. The modern subaqueous delta extends
out to a depth of about 60 m at z = 250 km. The
depth of the idealized model river mouth sill between
r = 40 and 140 km is 10 m, and the river upstream
of £ = 0 km has a depth of 17.5 m. The normalized
model elevation amplitude (Figure 13b) increases on-
shore to a local maximum of about 1.3 at the start
of the channel convergence at z = 170 km and then
tncreases to about 2 within the convergence toward
r = 0 km. The model elevation phase increases from
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Figure 13. Comparison between variable-width chan-
nel model and observations along the river mouth cen-
terline. (a) Cross-shelf depth and channel width pro-
files, (b) elevation amplitude scaled by shelf break forc-
ing and elevation phase, (¢) transport amplitude and
phase, {d) phase difference (in degrees) between ele-
vation and transpori, and (e} distribution of My cur-
rent amplitude, maximum bottom stress, and dissipa-
tion. As in Figure 7, elevation and transport phases are
shown in radians referenced to the phase of the eleva-
tion forcing at the shelf break, and elevation and trans-
port measurements from coastal, moored and anchor
stations, and the ADCP are shown for comparison with
the model predictions. To simplify plotting, the chan-
nel width profile has been scaled in the Figure 13a to
equal 100 at the shelf break; the actual shape is shown
in Figure 12.
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0 at the shelf break to about 172° at # = 0 km. The
mode! transport (Figure 13¢) decreases monotonically
onshore from about 22 m?/s at the shelf break to a mini-
mum of 8 m?/s at x = 40 km before increasing to almost
18 m?/s at £ = 0 km, owing to the channel convergence.
The model difference between elevation and transport
phase (Figure 13d) decreases onshore over the outer
shelf and then increases over the inner shelf until about
r = 80 km where the phase difference decreases rapidly
to about 10° at £ = 0 km, indicative of a relatively
weakly damped progressive wave propagating upriver.
The model Ms velocity amplitude, maximum bottom
stress, and mean dissipation {Figure 13e) all show rela-
tive maxima at the offshore edge of the river mouth sill
at £ = 140 km. The maximum current is 1.14 m/s, only
9% smaller than that found over the inner shelf to the
northwest, however, the maximum bottom stress and
dissipation are reduced by roughly 35% and 45% owing
to the decrease in both current amplitude and the in-
ner shelf Cy from 0.0013 to 0.001. The incident model
M, energy flux at the shelf break is 7.1 x 10°W/m, of
which about 81% is dissipated over the inner shelf and
19% propagates upriver at z = 0 km.

The agreement between model and observed eleva-
tion and transport along the river mouth transect (Fig-
ure 13), although not as good as in the open shelf chan-
nel (Figure 8), suppaorts the basic conceptual model of
treating this shelf/river mouth region as a convergent
cross-shelf channel. The lack of agreement is probably
due in part to the complexity of the river mouth ge-
ometry, the paucity of long-term observations, and the
oversimplification of the model. To determine if the ba-
sic results shown in Figure 13 are sensitive to changes
in channel geometry and Cy distribution, model runs
were made with different depth and width profiles and
C, distributions inshore of 170 km. The model results
(not shown) suggest that (1) the convergence in the
river mouth channel must extend offshore to at least
150 km, (2) reasonable variations in wmin from 0.06
to 0.10 and in the bottom depth profile over the inner
shelf do not change the basic character of the tidal wave
within the convergence, and (3) the effective inner shelf
C; must be of order 0.001 £ 0.0002. We conclude that
fluid mud layers found in the Amazon River mouth sig-
nificantly reduce the bottom friction felt by the incident
tide within the river mouth.

5. Vertical Structure of M2 Currents at
M2

We describe here the vertical structure of the M, tidal
current at the open shelf siteM2, based on moored cur-
rent measurements. This site is located on the outer
edge of the Amazon shelf delta in 65 m of water (Fig-
ures 2 and 7). On February 9, 1990, a surface toroid
mooring was deployed at M2 supporting three vector-
averaging current meters (VACMs) at design depths of
3, 32, and 54 m. VACMs are normally deployed with
the current speed (rotor) and direction (vane) sensors
at the bottom of the instrument housing, however, here
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Figure 14. Schematic of M2 moored instrumentation used to study vertical structure of tidal
currents. Instrument depths are approximate. The Geoprobe was equipped with three electro-
magnetic current meters which recorded useful current data. The surface M, tide at this site has

an amplitude of 1.04 m.

the topmost VACM was deployed inverted to place the
current sensors as close to the surface as possible in
order to sample in the Amazon surface plume [Lentz,
this issue; Lentz and Limeburner, this issue]. To sam-
ple close to the bottom, a short subsurface mooring
was deployed which supported a dual-rotor, inverted
VACM designed to measure speed at a nominal height
of 2.07 m above bottom (mab) and velocity at 3.97 mab.
The dual-rotor VACM also measured pressure, and all
VACMs were equipped with SeaBird conductivity sen-
sors. On February 11, 1990, the bottom tripod Geo-
probe was deployed at M2. This system used Marsh-
McBirney electromagnetic current sensors to measure
currents at four nominal levels above the bottom (0.27,
0.60,0.97, and 1.30 mab) and was also equipped with an
acoustic altimeter to measure instrument height above
the bottom as well as pressure, temperature, and sus-
pended-sediment sensors [Cacchione and Drake, 1979].
A schematic of the moored instrumentation deployed at
M2 is shown in Figure 4.

The bottom surfacial sediment at M2 was extremely
fine grained {mean grain size about 1.0 pm [Cacchione
et al, 1995]. As a result, both the Geoprobe and sub-
surface mooring sank into the seabed upon deployment.
Within the first 6 hours after touchdown, the Geoprobe

sank about 47 cm into the seabed, burying the lowest
current sensor. Then over the next 5 days the Geoprobe
slowly sank an additional 3 cm. On February 25 the
seafloor suddenly rose about 44 c¢m around Geoprobe
over a l4-hour period, burying all but the top current
sensor [Cacchione et al, 1995]. The initial sinking of
Geoprobe and this tater burial event effectively reduced
the period of current and pressure data useful for tidal
analysis to 1700 UT on February 11 to 1500 UT on
February 25 (period A). The nominal heights of the top
three Geoprobe current sensors during this period are
taken as the design height minus 49 cm, yielding heights
of 0.11, 0.48, and 0.81 mab, respectively.

The penetration of the subsurface mooring into the
seabed cannot be determined directly from the VACM
pressure record. Instead, the following method was used
to estimate the heights of the two VACM rotors above
bottom. The Geoprobe and subsurface mooring were
deployed about 0.7 km apart. Assuming that the bot-
tom boundary layer structure and bottom stress are
constant over that separation and that the unstratified
steady state log layer extends up to the upper VACM
rotor during maximum flood and ebb currents (as sug-
gested by Cacchione et al. [1995]), we solve the following
equation for the height above bottom of the lower rotor
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Figure 15. Vertical structure of the My current ellipse parameters at the M2 mooring site. (a)
The semimajor axis, (b) the phase, (c) ellipticity (ratio of semiminor to semimajor axes), and (d)
orientation. A positive ellipticity indicates counterclockwise rotation of the current vector with
time. The orientation of flood is given counterclockwise relative to 45°N, the local cross-isobath
direction, so that an orientation of 180°L (local) indicates that flood (the semimajor axis) is
pointing directly onshore across the local isobaths. The results of tidal analysis of the Geoprobe
and vector-averaging current meter (VACM) data for period A and VACM data for period B
are shown together for comparison. The horizontal brackets represent the standard error in the
etlipse parameters based on the tidal fit (see Appendix A) and do not include any estimation of
instrument measurement error (see Appendix B). The solid lines represent the parameter profiles
obtained from the eddy viscosity model. The experimental and model results have been plotted
as a function of height above bottom using a logarithmic scale to allow clear display of the near-
bottom results and to illustrate the approximate log-layer behavior of the near-bottom velocity.

Az 0.70 and 2.68 mab. The values of u, for these 53 pro-

Iy =

(4)

e (&%) -1 '
where Az is the vertical separation of the VACM ro-
tors, Au is the difference in rotor speed between upper
and lower rotors, u. is the Geoprobe-derived friction
velocity, and k is von Karman’s constant (k = 0.4).
While there 18 much scatter in the resulting 53 esti-
mates of z; (varying between 0.24 and 1.23 m), the
mean z¢ = 0.70 £ 0.24 m, suggesting that the subsur-
face mooring had sunk on average roughly 1.37 m into
the seabed during periocd A. The resulting height above
bottom of the lower and upper VACM rotors are then

files ranged from about 1.3 to 3.0 ecm/s. The resulting
zg ranged from 0.03 to 1.82 ¢m, giving a mean value
of 2z =0.1£0.3 cmn, in good agreement with the mean
value of zg = 0.3 cm for period A reported by Cacchione
et al. [1995].

The M2 surface buoy broke free on April 16, 1990,
and the three VACMs which dropped to the bottom
were later recovered through dragging. These three in-
struments provided good current data for the period of
0100 UT on February 10 to 1100 UT on April 16 {pe-
riod B), which overlaps the period of useful Geoprobe
current data. The subsurface mooring was recovered
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Table 6. M, Current and Bottom Stress Ellipse Parameters at AMASSEDS Mooting
Site M2 for Period A

Height
Above Semimajor  Semiminor . Instrument
Bottom, Axis, Axis, Inclination, Phase, Type
m cm/s cm/s °L °G
62.0 07+£27 481210 1848+ 17 2144445 VACM
33.0 942427 10313 1888+22 2052441 VACM
11.0 68.9 £ 2.2 75+ 09 1823+ 1.1 2039+ 25 VACM
2.68* 60.7 + 1.9 56 + 0.4 1834+ 06 1906 £ 25 VACM
0.81 452 + 1.5 37+0.3 1836 £ 06 1856+ 2.7 Geoprobe
0.70* 520+ 1.8 50+ 1.3 1829+ 06 187.7 £ 2.7 VACM!
0.48 39.6 £ 1.3 32+£03 1839 £ 07 1854427 Geoprobe
0.11 316 4 1.1 2303 18564 £ 0.7 18551 28 (Geoprobe
Th 56 + 0.6 0.54+0.1 1834 +£13 18224+ 86 Geoprobe

Period A covered 1800 UT on February 11 to 1300 UT on February 25, 1990, when
the Geoprobe and vector-averaging current meters {(VACMs) deployed there provided
simultaneous current measurements. The inclination or orientation of flood current is

given in degrees local measured counterclockwise from 45°N, the average cross-shelf

direction along the moored array transect.

"Value denotes estimated height.

'The lower rotor of the dual-rotor VACM was used.

August 12 and returned good current data through pe-
riod B and good pressure data through 0900 UT on
August 11. As a result, tidal analyses of the Geoprobe
and VACM current and pressure data were conducted
for their 13.8-day common time period (period A}, and
similar analyses were conducted on the longer VACM
data during the 65.5-day period B (see Appendix A for
details).

The resulting estimates of the M current ellipse pa-
rameters for periods A and B are shown in Figure 15
and listed in Tables 6 and 7. Owing to the shortness of
period A and the large spring-neap and monthly tidal
variability, the amplitude of the My semimajor axis is
targer (by about 10 em/s) over most of the water col-
umn during period A than B. During both periods the
semimajor axis has a maximum in excess of 50 cm/s
at 11 mab and then decreases approximately linearly
as a function of log (height above bottom) toward the
bottom. The basic accuracy of the Geoprobe current
sensors 1s about £2 cm/s, so that the downward con-
cave curvature of the Geoprobe semimajor axis profile
may be real and may reflect weak sediment stratifica-
tion effects [Cacchione et al., 1995].

Our best estimate of the height of the lower VACM
rotor (0.70 mab) places it below the height of the top
Geoprobe current sensor {0.81 mab), so that the VACM
and Geoprobe profiles should merge in Figure 15 dur-
ing period A. The uncertainty in the VACM velocity
measurements is difficult to estimate since the VACM
rotor is known to overspeed in unsteady flow [Saunders,
1980], and the precise height of the near-bottom rotor
is not known within at least 25 cm (see Appendix B).
Since the wave velocities measured with Geoprobe var-
led from roughly 5 to 15 cm/s and were smaller by
a factor of 3 to b than the peak flood and ebb cur-
rents, the near-bottom rotor experienced nonreversing
flows during the stronger currents, and overspeeding
should not exceed 5% in the stronger flows {Beardsley,
1987]. Thus, a small decrease (say, of order 3%) in the
near-bottom VACM semimajor axis to correct for over-
speeding and an upward shift of order 25 c¢m would
bring the near-bottorn VACM profile into alignment
with the Geoprobe profile, resulting in a downward con-
cave amplitude profile over the lowest 2 m above the
bottom. The accuracy of the upper VACM measure-
ments is even more difficult to estimate, especially the
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Table 7. Semidiurnal Tidal Current Ellipse Parameters at the AMASSEDS Mooring

Sites M1-M3
Height
Water Above Sermimajor  Semiminor
Site Depth, Bottom, Axis, Axis, Inclination, Phase,
m m cm/s cm/s °L °G
M2
M1 18 15 1491+ 29 -13+37 1948+14 2181411
2 1267+£34 14719 190209 1992415
M2 65 62 417+ 14 05+ 14 191.7 £ 20 2156 £+ 19
33 474+ 10 50407 1805+ 09 2054 + 1.2
11 55.7 + 1.0 50086 1839 £ 0.7 1986+ 1.1
3 474+ 09 50+ 04 1847+ 05 1883+ 1.1
M3 103 61 3BOX07T 6709 1948415 1824112
10 205+14 -20+08 170023 1852 %39
52
M1 18 15 310437 -31+47 197.24+39 2578+ 3.2
2 208+ 43 224+24 1880+ 31 2336+54
M2 65 62 82417 —-024+18 179.0 £ 5.7 2494 + 54
33 94 + 1.2 1009 1885+ 28 2402 £ 3.3
11 106 £ 1.3 13108 1844+20 2328 32
3 94 £ 1.1 13+05 184.7+14 2218+ 3.2
M3 103 61 BR1+09 —~18%+10 197540 2155433
10 52+17 -08x10 1780+56 2142 = 0.6
Ng
M1 18 15 200+29 31437 190.2+75 2231+£58
2 218+ 33 30420 1944+ 54 2002+ 89
M2 65 62 94+ 13 03+14 183.7 + 86 2118 + 872
33 8.7+ 09 03407 196.2 £ 4.9 i96.8 £ 6.1
11 92+ 10 1.4+£06 183.3 £ 4.1 193.8 £ 6.5
3 89409 18+04 187.6 £ 2.9 189.3 + 6.1
M3 103 61 6.0 £ 0.7 06+09 193.3 £ 83 3593+ 6.6
10 344 14 04+£08 183.0 £ 13.7  355.9 + 23.7

2307

The inclination or orientation of flood current is given in degrees local measured
counterclockwise from 45°N, the average cross-shelf direction along the moaored array
transect, and phase is given in degrees Greenwich. The locations of the mooring sites
and the data measurement periods are listed in Table 4.

54-m instrument, since the effect of rotor overspeed-
ing, which is usually more pronounced at depth under
a surface mooring, should be reduced by instrument tilt,
which increases with depth. Despite these large uncer-
tainties we conclude that the M, semimajor axis profile
exhibits a bottom boundary layer structure, with cur-
rent amplitude increasing approximately linearly with

log (height above bottom) to a maximum value roughly
near 11 mab and then decreasing with height to the
surface.

The M, phase decreases smoothly from about 215°G
at the surface to about 186°G near the bottom (Fig-
ure 15). This means that maximum flood (and ebb)
currents occur about 1 hour earlier near the bottom
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than at the surface, qualitatively consistent with the
dynamical idea of a frictional boundary layer in an os-
cillatery pressure-driven flow. The M, ellipticity or ra-
tio of semiminor axis to semimajor axis varies between
—0.1 and 40.2 through the water column (with positive
ellipticity meaning counterclockwise rotation of the ve-
locity vector with time). The depth-averaged elliptic-
ity is 0.077 (period A) and 0.084 (period B), which is
similar in magnitude but opposite in sign to the theo-
retical value of (- f/o} = —0.061 for a plane Poincare
wave. The orientation of the M; semimajor axis during
flood exhibits some small scatter versus depth about
a depth-averaged value of about 187°L (232°N). Since
the VACM compass has an uncertainty of +3 — 5°, the
M, flood current exhibits essentially little, if any, veer-
ing with depth and is oriented about 7° away from the
cross-isobath direction at this site.

The Amazon surface plume was frequently present
at the M2 site, causing salinities in the top 5-10 m to
drop as low as 30°,, during period A and 15°%%, du:-
ing period B [Lentz and Limeburner, this issue]. Be-
neath the plume in oceanic water at depths greater
than about 20 m, the salintty remained quite con-
stant near 36.2%4,, and local siratification was con-
trolled by temperature (except very close to the bot-
tom where suspended sediment concentrations got large
enough at times to cause significant stratification [Cac-
chione ef al, 1995]. Within the bottom 1-2 m, ver-
tical temperature gradients were relatively weak, with
estimates of maximum values of the Brunt-Vaisild fre-
quency N < 0.017 rad/s and gradient Richardson num-
ber fi < 0.05 during period A when sediment effects are
ignored. These low values of N and Ri suggest that the
tidal bottom boundary layer may satisfy homogeneous
dynamics to lowest order, at least near the bottom.

We next consider a simple vertical model for the lo-
cal tidal currents driven in a constant depth and density
ocean by an imposed plane-wave surface tide. 'The gov-
erning momentum equations are

du dp “

5 — v -5, t o (A

5 {5)
6—';+fu: + £ (4%

where f is the Coriolis parameter and the pressure gra-
dient dp/8xr = Py cos (ot) is oriented in the onshore
{(+z) direction. The eddy viscosity A has a linear-
constant shape given by

A ku,z z < &,

(6)

A z

ku, by > 4,

where k is von Karman’s constant, u, is the bottom-
friction velocity, and 4; is the matching height defined

" | ka
U
6 o (7)

where W. is the average friction velocity over a tidal

&

Ls
6
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cycle and é is the boundary layer scale height. Trow-
bridge and Madsen [1984] used this eddy viscosity for-
mulation to model the nonrotating turbutlent oscillatory
boundary layer beneath gravity waves and found excel-
lent agreement with the laboratory data of Jonsson and
Carlsen [1976]. This eddy viscosity shape gives a log-
arithmic velocity profile in a constant stress layer next
to the bottom, yet does not increase indefinitely into
the interior of the flow. The boundary conditions on
velocity are no slip at the bottom and zero stress at the
surface, i.e.,

(wv,v) = Oatz = =z ,
(8)
Ju dv
(A —a;, E) = 0 at 2 = h s

where zj is the bottom roughness length and A is the wa-
ter depth. Since the observed M, tidal current is nearly
rectilinear, we expect turbulent momentum fluxes in the
bottom boundary layer to vary significantly over a tidal
cycle (as demonstrated by the Geoprobe data of Cac-
chione et al. [1995)), and thus make u, time dependent
following Trowbridge and Madsen [1984].

Given Prg, 2o and the eddy-viscosity profile A, the
mormentum equations and boundary conditions can be
readily solved numerically to give the velocity profile as
a function of time. The numerical scheme is straightfor-
ward, using backward difference in time and a control
volume approach in the vertical [Patankar, 1980; Lentz,
1995]. A logarithmic grid is used in the vertical, with
increasing grid spacing extending from zg to h. The ve-
locity is written in complex form (% = u + iv) and the
resulting equations for @ at vertical grid points form a
tridiagonal matrix which is easily solved by Gaussian
elimination.

Since the eddy viscosity A depends on u. which can
change with time and is not known a priori, an itera-
tive approach is taken, whereby an initial value of u,
is used to determine A and u, which ts then used to
compute new values of u., A, and 4. This process is
repeated until the difference in successive values of w,
is < 0.005 cm/s. Since 1 is indeterminant when u, = (
and it is physically unlikely that the turbulence level ad-
Justs instantaneously to the near-bottom flow, we pre-
scribe a lower bound on u. by requiring that v, > 0.1
Usmax ab each time step, where u,may is the maximum
value of u. during the tidal cycle {Lavelle and Mofjeid,
1983]. The resulting tidal currents are not strongly de-
pendent on the exact value of this minimum u,, pro-
vided it is small but nonzero.

To apply this model to the observed M» velocity data,
we ran the model for several tidal cycles until equilib-
rium was reached and then computed the tidal current
ellipse parameters at each level over one tidal cycle. Ex-
periments were conducted varying Pyy and zp until the
model profile of the sernimajor axis agreed well with the
Geoprobe data over the lowest 1 mab. The semimajor
axis and phase profiles do not vary much if the Coriolis
parameter f is set to zero, since f/o is so small.
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The model results are shown in Figure 15, superim-
posed on the Geoprobe and VACM tidal ellipse data.
The best qualitative agreement was found for z9 =
0.13 c¢cm, which is consistent with the Geoprobe and
dual-rotor VACM results discussed earlier, and Py =
0.94 x 10-* m?/s. Both model semimajor axis and
phase lag increase with height to maximum values near
the surface. The model u. is periodic, with a maxi-
mum amplitude of 2.8 cm/s which compares well with
the value of 2.4 cm/s estimated from Geoprobe. The
resulting eddy viscosity is also periodic, with a mean
A =630 cm?/s at §; = 8.5 m, and the model boundary
layer scale height & = 51 m, about 80% of the water
column. The model predicts small negative ellipticity
and little veering in inclination. The subtidal flow in
the surface plume is strongly aligned in the along-shelf
direction, and the cross-shelf shear in dv/dz (ignored
in (5)) can be comparable with f [Lentz, this issue), ef-
fectively making the tidal ellipticity in the surface quite
variable in time. Below the surface layer the observed
ellipticities are small but positive, indicating counter-
clockwise rotation of the Mj velocity vector. This sug-
gests that the actual pressure gradient forcing is not
simply a plane wave but, instead, must involve at least
an incident and reflected plane wave at different orien-
tations.

Even with the large uncertainties in the VACM M,
ellipse parameters, it is clear that this homogeneous
model does not simulate the observed tidal boundary
layer structure away from the bottom. The model fit is
good within the constant stress layer a few meters above
the bottom during peak flow where the eddy viscosity
profile i1s approximately linear. This result can be used
to assess if stratification effects are important. In par-
ticular, if we take N = 0.01 rad/s as a mean value over
the lower half of the water column (see Table 8) and
assume a logarithmic velocity profile (consistent with
Figure 15}, then the height z, above the bottom where
the Richardson number becomes equal to one fourth is

Ze = Uamax/(2EN) =35 m {9)

during peak flow. Although N is quite variable (with
a standard deviation comparable to its mean value),
the small size of 2. relative to §; suggests that temper-
ature strauification effects begin to influence the tidal
boundary layer dynamics, on average, at depths just
above the Geoprobe measurement heights, even at peak
flows. Whether a local tidal model which explicitly in-
corporates stratification and more sophisticated turbu-
lent mixing physics could better predict the observed
tidal velocities is not known.

Table 8. Mean and Standard Deviation of the Brunt-Viisala Frequency Squared &?
Estimated for Periods A and B at AMASSEDS Mooring Site M2

Period A Period B
Standard Standard
Depth, Mean, Deviation, Mean, Deviation,
m rad?/s? rad? /s? rad?/s? rad?/s?
2 102 x 1071 26.6 x 10~° 452 x 107* 78.8 x 107*
17.5 68x 1071 5.1 x 10~° 94.4 x 1074 14.5 x 1074
43 J1x 104 0.6 x 104 1.2 x107* 1.2 x 1074
58 0.7 x 107* 0.9x10°1 02x10°4 0.6 x 104

The Brunt-Viisila frequency squared (in radians squared per second squared) is
approximated here as N? = —0.001g (80:/0z), where g is gravity and de,/0z is the
vertical gradient of sigma-t. Period A is the 13.8-day period of simultanecus Geoprobe
and moored VACM measurements, and period B is the 65-day period when the VACMs
returned good data at AMASSEDS mooring site M2, N? has been estimated at
the middepths between moored in situ temperature and conductivity measurements
made at nominal depths of 1, 3, 32, 54, and 62 m. The mean water depth s 656 m.
The conductivity record at 62 m exhibited a slow drift and was not used. Instead,
the salinity at 62 m was set equal to the salinity at 54 m. This should make little
difference in the estimation of stratification since more than 95% of the variance in
o, and O¢,/8z measured or estimated with the 54 and 62-m instruments is due to
temperature vartation. At 32 m, more than 80% of the variance in o; is due to
temperature. Salinity fluctuations caused more than 8% of the variation in ¢, and
Ao, /0z between the 1- and 3-m instruments.
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The observed near-surface decrease in the M, semi-
major axis at the M2 site suggests the presence of an
energetic internal tidal current which is out of phase
with the surface barotropic tidal current. The Ama-
zon surface plume was frequently present at the M2
site, causing the mean salinity at the 3-m VACM to
drop to about 25%,, during period B. Since the surface
plume generally has a thickness of only 5-10 m over
the rmdshelf above the outer delta [Lentz and Lime-
burner, this issue|, the density structure in this region
which includes the M2 site can be crudely characterized
as a two-layer fluid. Following Rattray [1960], we con-
sider the onshore propagation of a long surface gravity
wave in a nonrotating, two-layer fluid over a step de-
crease 1n the depth of the lower layer, where here the
mean thickness of the upper layer is constant across the
depth change and the abrupt change in bottom depth
15 meant to model the seaward end of the subaquecus
delta where the total water depth decreases from about
70 to 30 m over a horizontal distance of about 20 km.
For depth and density parameters appropriate for the
mid-Amazon shelf (see Appendix C), the model pre-
dicts that an internal tide (with an interfacial ampli-
tude of about 1.8 times the surface tide) will propagate
in both directions away from the depth change. This
internal tide will lead to either upper or lower layer in-
tensification of the total tidal current, depending on dis-
tance from the depth change scaled by the internal-tide
wavelength. About one half an internal-tide wavelength
{20 km) seaward of the depth change, the internal tide
will be out of phase with the surface tide and cause
the lower layer tidal velocity to be a maximum, while
one half an internal-tide wavelength (18 km) shoreward
of the depth change, the internal and surface tides will
be out of phase and cause surface layer intensification.
While this model is much too simple, it does suggest
that the semidiurnal barotropic tidal flow over the cuter
edge of the subaqueous delta can generate an energetic
internal tide (in the presence of the Amazon surface
plume), and that whether the resulting net tidal cur-
rent is either interior intensified (as observed at the M2
site) or surface intensified (as observed at the M1 site)
depends on the distance of the site from the region of
rapid bottom depth change. We should note, however,
that while the energy in the internal tide may reach 5%
that of the surface tide near the generation region, the
flux of energy cut of the surface tide into the internal
tide is much weaker, so that the dynamics of the surface
barotropic tide (described in earlier sections) should be
unchanged to lowest order.

6. M, Energy Flux Over the Amazon
Shelf

We consider next the net energy flux over the Amazon
shelf and into the Amazon and Para Rivers due to the
My tide. We first use ADCP transport measurements
and coastal sea level data to estimate the M, energy
flux into the Amazon River mouth, then use similar
measurements to estimate the My energy flux and dis-
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sipation in the Para River. These estimates are then
combined with estimates of the M5 energy flux derived
from the variable-width channel model to describe the
pattern of energy flux over the Amazon shelf.

6.1, Mg Energy Flux Into Amazon River Mouth
During the Novernber 1991 AMASSEDS cruise, ADCP

measurements were obtained in the Amazon River mouth
during transits of the R/V [selin in and out of Belem
to the AMASSEDS working area. The ADCP data in-
cluded a 25-hour anchor station on November 16, 1991,
at RM1 (Figure 2) as well as two complete transects
covering the outer river mouth. The total ADCP data
set includes 127 hourly and vertically averaged veloc-
ity estimates (Figure 16) spread over a period of about
50 days (October 11-December 1). The observed cur-
rents in the area have maximum speeds in excess of
1 m/s and are mainly polarized normal to the local top-
ography.

Using the empirical technique described by Candela
et al [1992], we obtain the M3 tidal current ellipse pat-
tern shown in Figure 17. The My semimajor axis in-
creases onshore and toward the entrance of the Para

‘River from 0.5 to 0.75 m/s. The contours of constant

phase propagate inward normal to the local bathymetry,
indicating a phase speed of about 25 km/h or 7 m/s
for the M; wave in the area. The semiminor axis 1s
generally small, indicating that the M; ellipse 1s nearly
rectilinear with a tendency to rotate counterclockwise
to the north and clockwise to the south in the river
mouth. The geographical orientation of the semimajor
axis shows a tidal current conforming with the conver-
gent shape of the river mouth region.

The deduced steady flow pattern (Figure 16) is weak
but consistent with the magnitude of the river discharge
reported for this time of year (about 0.1 Sv). To Fig-
ure 16 1s added the steady current field obtained from
a similar analysis on ADCP data obtained in the Para
River {to be described later), which matches reasonably
well with the steady field obtained from the Amazon
River mouth ADCP observations. The residual currents
(Figure 16) are large and represent the unexplained 19%
of the current variability. They consist of unresolved
tidal variability, measurement noise, and other incoher-
ent flow structures related to eddy activity with scales
small in relation to the dimensions of the area covered
by the observations.

The rate of change of mechanical energy of a fluid
element is given by Godin [1988] as

1
2 [§p|v ? +pgz] =V pv4p (T+F) v, (10)
where p is water density, v is the current velocity vec-
tor, p is pressure, T is the tidal force, and /" represents
friction. This equation simply states that the rate of
change of potential and kinetic energy within a fiuid el-
ement is equal to the energy flux divergence plus the
power added (or extracted) by the tidal and friction
forces. Integrating over the volume and considering the
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Observed depth-averaged current
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Figure 16. ADCP vertically averaged current measurements obtained in the Amazon River
mouth during the November 1991 AMASSEDS cruise. The vectors shown represent hourly aver-
aged currents (a} which have been decomposed into a steady fitted component (b), a semidiurnal
tidal fitted component (¢), and a residual field (d). The steady flow field includes results from
ADCP measurements made off the Para River. Note the difference in current scale between the
steady and other components. The fitting is based on first-degree polynomial expansions of the
east and north current components for the M; and S, constituents and the steady component.
The fitted fields account for about 80% of the variance in the measurements. The distribution of
ADCP data is shown in Figure 17. The 5-m isobath is shown for reference.

divergence theorem and the pressure to be hydrostatic,
we find that the integral of the vector pv = p g2 v over
the surface of the volume gives the change of mechanical
energy inside the volume.

We want to estimate the net energy flux into the
Amazon River mouth due to the My tide. Therefore
we need to integrate the energy flux vector per unit

area P given by

P=pg(v, (11)
along a contour closing the mouth region and average
over a tidal cycle. For a tidal constituent like Mo, { =
(o cos ot and v = [M cos (ot — ¢), m sin (ot — ¢)],
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Figure 17. M, current cotidal chart for the Amazon
River mouth based on 127 hourly averaged and depth-
averaged ADCP current measurements made during the
November 1991 AMASSEDS cruise. {top) The distribu-
tion of the ADCP data and (bottom) the fitted current
ellipses, with the phase of maximum flood (onshore)
flow given in degrees (Greenwich with a contour interval

of 30°.

taking phase measurements with respect to high water
and a coordinate system referenced to the semimajor
axis of the current ellipse. In these expressions, ¢ is
the tidal frequency, M is the semimajor axis, m is the
sermminor axis, (g 15 the elevation amplitude, and ¢ is
the phase difference between high water and maximum
current veloeity. After averaging over a tidal cycle, the
net energy flux vector per unit area is given by P,, =
1/2 pg o [M cos ¢, —m sin ¢)].
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Figure 18 shows a map of the Amazon River mouth
where we have selected five points (denoted by open cir-
cles) within the ADCP survey area where we estimate
P,. At these points the values for v are obtained from
Figure 17, and elevatior. amplitude and phase are esti-
mated using the following approach. From coastal sea
level stations (also shown as open circles) at both ends
of the arc we first interpolate the M, elevation ampli-
tude and phase at the five positions marked by the solid

2% T

sow 49" 48°

T T

1°N

s 507w
Figure 18. M3 net tidal energy flux into the Ama-
zon River. (top) Locations of points where M, currents
{open circles) and elevations (triangles} were estimated
from ADCP and coastal sea level data, respectively.
The elevation estimates were then shifted to the current
points using the approach described in section 6, and
(bottom) the net energy flux vectors normal to the arc
computed. The total net energy flux integrated along
the arc is 4.7 x 109 W.



BEARDSLEY ET AL.. THE M,

triangles. On the basis of Figure 6, we then estimate
that between the numbered triangles and circles there
15 no difference in elevation amplitude, but there is a
constant difference in phase of 20°, with maximum ele-
vation occurring about 40 minutes earlier at the circles.
The resulting net energy flux vectors normal to the arc
are shown in Figure 18 (bottom). The energy flux is
largest in front of the North and South Channels and
smaller in between where the water depth shallows onto
Banco Santa Rosa, and no prominent entrance to the
river mouth is found. Integrating along the arc yields
a total net M, energy flux of 4.7 x 10°W entering the
Amazon River mouth. The principal uncertainty in this
result is due to the uncertainty in the elevation phase
estimates at the circle points; an increase in the phase
difference from 20 to 30° leads to a 20% decrease in the
total net energy flux.

6.2. Mg Energy Flux in the Para River

The equation for the rate of change of mechanical
energy given above (see {11)) indicates that within a
channel the divergence of the net energy flux should be
balanced by friction and by the rate of work done by
the tidal force. In a shallow channel the rate of work
done by the tidal force is at least 2 orders of magnitude
smaller than that due to friction, so that it can be safely
neglected in what follows.

Using ADCP data collected during the November
1991 AMASSEDS cruise, we have selected those ADCP
current measurements in the entrance of the Para River
that reach up to Belem, resulting in 108 hourly and

Hourly averaged ADCP data in the Para River
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vertically averaged current measurements {Figure 19).
Based on an analysis similar to that given above, we
show in Figure 19 the My tidal ellipse characteristics in
this area. The amplitude of the M3 semimajor axis cur-
rent increases upstream from values of 0.6 m/s at the
entrance to 1 m/s near Belem. The phase contours in-
dicate that the tidal current takes about 3 hours to get
from the river entrance tc Belem. The semiminor axis
shows a basically rectilinear current within the river,
and the orientation of the semimajor axis is aligned with
the local channel configuration.

Figure 20 shows four stations (denoted by triangles)
where sea level data are available. To estimate the en-
ergy flux through cross-channel sections at these ioca-
tions, we combine the Mj elevation amplitude and phase
values from these four sea level stations with current es-
timates (obtained from Figure 19) at the nearby points
marked with open circles in Figure 20 (top). Figure 20
(bottom) shows a plot of the net energy flux estimates
as a function of along-channel distance. While there
18 considerable scatter in the flux estimates, the general
slope of about 3.8 x 10°W/m is consistent with dissipa-
tion due to quadratic bottom friction with Cy = 0.003.
It is important to emphasize here that the data used in
these calculations were not taken to estimate tidal en-
ergy fluxes; instead, this region was sporadically sam-
pled in time, sea level and currents were not measured
simultaneously, and the ADCP currents used are very
rough approximations of the cross-channel average. Ide-
ally, elevation and currents should be sampled simuita-
neously since dissipation is expected to vary both with

M; current ellipses

270°

2°

47.5°

0y
48.5° 41.5°

Figure 19. M, current cotidal chart for the Para River entrance based on 108 hourly and depth-
averaged ADCP current measurements made during the November 1991 AMASSEDS cruise.
(left) The distribution of the ADCP data and (right} the fitted current ellipses with the phase of

maximum flood {onshore) flow given in degrees

Greenwich with a contour interval of 30°.
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Abstract—The Amazon shelf is subject to energetic forcing from a number of different sources,
including near-resonant semi-diurnal tides, large buoyancy flux from the Amazon River discharge,
wind stress from the northeasterly tradewinds and strong along-shelf flow associated with the
North Brazil Current. Although the large volume of river discharge produces a pronounced salinity
anomaly, the water motions on the shelf are dominated by the other forcing factors. Tidal velocities
of up to 200 cm s™! are generally oriented in the cross-shelf direction. Tide-induced mixing
influences the position and structure of the bottom salinity front that separates the well-mixed
nearshore region from the stratified plume. High concentrations of suspended sediment trapped
along the frontal zone increase the stability of the tidal boundary layer and thus reduce the bottom
stress. At subtidal frequencies, motion is primarily along-shelf toward the northwest, baoth in the
plume and in the ambient, high-salinity water of the outer-sheif. The plume is generally 5-10 m
thick, with a salinity of 20-30 psu. The along-shelf velocity within the plume varies as a function of
the along-shelf wind stress. This variability results in large temporal variations in plume structure
and freshwater content on the shelf. The net northwestward motion of the Amazon plume and of
the ambient shelf water appears to be the result of a large-scale pressure gradient associated with
the North Brazil Current system. .

INTRODUCTION

A Multdisciplinary Amazon Shelf SEDiment Study (AmasSeds) addresses the interaction
between physical oceanographic processes, sediment transport, biogeochemical trans-
formations and sedimentation in the world’s largest riverine dispersal system (Nittrouer ez
al., 1991; AmasSeds Group, 1990). Previous investigations have found a compiex
depositional pattern of sediment and chemical species (Nittrouer and DeMaster, 1986)
indicating intense physical disturbance of the seabed and large temporal and spatial
variability of the sediment transport and deposition on the shelf. These early investigations
did not resolve the variability of the physical regime in sufficient detail to determine the
scales of variation or the mechanisms forcing these variations (Curtin and Legeckis, 1986;
Curtin, 1986a,b). AmasSeds was designed to provide adequate temporal and spatial
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coverage to identify the important scales of physical variability and to discern the
dominant transport mechanisms of physical transport and the impact of these processes on
the sediments, chemical compounds and biological communities present on the Amazon
shelf.

This paper provides a synthesis of the results from the physical oceanographic com-
ponent of AmasSeds. It describes how the various physical processes occurring on the
Amazon shelf interact with each other and influence the distribution and transport of
suspended material on the Amazon shelf.

BACKGROUND
The physical setting

The Amazon River watershed extends across the vast Amazon rain forest to the crest of
the Andes (Fig. 1) with an area of approximately 7 X 10® km? (Nittrouer and DeMaster,
1986) making it the largest drainage basin in the world. The riverine discharge to the ocean
averages 180,000 m* s™! (Oltman, 1968) accounting for 16% of the global freshwater

South
America

0° F

1°S

20.‘21 b )
52°W  51° 50° 49° 48° a7° 46° 45°

Fig. 1. Bathymetric map of the Amazon shelf, with some of the important physical features
indicated. The inset shows the extensive drainage area of the Amazon River and its tributaries.
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Fig. 2. Time series of the important variables influencing the Amazon shelf during AmasSeds.
Amazon River discharge is obtained at Obidos (Nittrouer and DeMaster, 1996), representing
approximately 90% of what arrives at the mouth, Current observations were obtained within the
North Brazil Current at 60-m depth, close to the 500-m isobath (see Fig. 3). Along-shelf (toward
315%) and across-shelf (toward 45°) winds are from the European Centre for Medium Range
Weather Forecasting (ECMWF). The dates of the cruises are indicated by shading.

run-off (Baumgartner and Reichel, 1975). Peak discharge, averaging 220,000 m® s~!
typically occurs in May (Fig. 2) and minimum discharge, averaging 100,000 m? s~
typically occurs in November (Richey et al., 1986).

The Amazon enters the Atlantic at the equator through two channels, the North and
South Channels. These channels debouch into a broad, shallow, inner shelf, with water
depths of less than 15 m extending seaward 100-200 km from the river-mouth channels. A
bar extends across the river-mouth region, approximately 100 km from the mouth (the
transverse shoal indicated on Fig. 1) with minimum depths of approximately 9.5 m. A
near-bottom salinity front is usually located near the river-mouth bar, separating well-
mixed, nearly fresh water on the landward side, from strongly stratified water with high

near-bottom salinities on the seaward side (Gibbs, 1970; Nittrouer et al., 1986; Geyer et
al., 1991).

*
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To the south, the Amazon shelf is bounded by the Para River (Fig. 1), a wide estuary
that has a modest freshwater input relative to the Amazon. To the north of the river
mouth, the shallow Cabo Norte shoal partially obstructs the Amazon outflow from flowing
directly alongshore into the inner shelf region to the northwest. The broad inner-shelf
region extends along the coast for 200 km northwest of the shoal, eventually narrowing at
Cabo Cassiporé. The nearly flat inner shelf (slope <107 is the landward portion of the
Amazon delta (referred to geomorphologically as the topset beds). It joins the more
steeply sloping foreset beds (slope >107>) between the 30- and 60-m isobaths, where the
highest sediment accumulation rates occur (Kuehl et al., 1986). The shelf break is located
along the 100-m isobath. Seaward of the shelf break is the Amazon cone, a pronounced
depositional feature created during a period of low sea level (Damuth and Kumar, 1975).

Forcing variables

The large freshwater discharge is only one of several important factors that influence the
oceanography of the Amazon shelf. The North Brazil Current (NBC) is a strong western
boundary current, which originates in the South Equatorial Current and flows across the
€quator and along the continental margin, past the mouth of the Amazon. At 4°N, the
NBC has a large seasonal variation, ranging from a maximum transport of 35 Sv (1 Sv = 10°
m® s™1) in July—August, to a minimum of 10 Sv in April-May, with an annual mean of
approximately 25 Sv (Johns, personal communication, 1995). The transport is dominated
by flow in the upper 150 m and measurements by Candela et al. (1992) suggest that the
NBC transport over the shelf may be as much as 3-5 Sv (Fig. 2). The NBC exhibits large
mesoscale transport fluctuations, with periods of 25-40 days and 60-90 days. The higher
frequency fluctuations are strongly surface-trapped and more energetic in July—August,
while the lower frequency fluctuations are present year-round and are associated with the
propagation of large anticyclonic eddies northwestward along the margin (Johns et al.,
1990; Johns, personal communication, 1995).

Atmospheric forcing over the Amazon shelf is dominated by the tradewinds. Figure 2
shows the annual variation of wind stress, with maximum stresses corresponding to the
northeast trade winds in December—April. While the winds are oriented approximately
perpendicular to the coast, Lentz (1995a) shows that fluctuations in both the along- and
cross-shelf components of the wind stress strongly influence the flow of Amazon River
water over the shelf. The tradewinds also generate moderate surface gravity waves that
propagate onto the Amazon shelf. Maximum wave energy occurs during the maximum
wind stress in December—April.

The strongest currents.over the shelf are due to the semi-diurnal tides. The wide shelf
amplifies the tidal wave, with near-resonant conditions north of the river mouth that lead
to tidal ranges of up to 6 m near Cabo Norte. Tidal currents are generally oriented cross-
shelf, with current speeds reaching 200 cm s~ in the frontal zone {Gibbs, 1982; Nittrouer
etal., 1986; Beardsley et al., 1995). The semi-diurnal tide exhibits a strong spring-neap and
monthly modulation, which contributes to the subtidal variation of stratification and
possibly the along-shelf flow.

Another important factor influencing the physical regime is suspended sediment
discharge from the Amazon. High concentrations of suspended sediment, termed “fluid
muds” (with concentration >10 g I™'), accumulate along the near-bottom salinity front
(Kineke et al., 1996; Kineke and Sternberg, 1995). The suspended load is so great that the
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density anomaly due to the sediment exceeds that due to salinity variations in the
near-bottom water, thus influencing near-bottom stratification. The stratification by fluid
mud reduces the bottom stress in the inner shelf, inhibiting vertical mixing and reducing
tide-induced bottom stress and dissipation (Trowbridge and Kineke, 1994).

OBSERVATIONAL PROGRAM

AmasSeds involved a variety of physical oceanographic observations. Four shelf-wide
hydrographic surveys were performed between August 1989 and November 1991, during
different parts of the river discharge cycle (falling, rising, high and low) (Fig. 2)—note that
the cruises were not all performed within the same annual cycle. On each survey,
conductivity, temperature and light transmission were measured using a Neil Brown Mk
ITT conductivity-temperature—depth (CTD) recorder and a Seatech transmissometer (5-
cm pathlength). Shipboard measurements of velocity were obtained with an RDI acoustic
Doppler current profiler (ADCP). The ADCP was equipped with either 2 150 kHz or 600
kHz transducer. The 600 kHz unit was used at anchor stations for higher vertical
resolution. However, the 600 kHz unit did not reliably provide ship speed over the soft
sediments of the inner shelf, therefore, the 150 kHz unit was used for underway
measurements. The hydrographic surveys involved a number of other water-column
measurements by other disciplines (see AmasSeds papers), including detailed measure-
ments of suspended-sediment distribution (see also Kineke and Sternberg, 1995).

Smaller-scale surveys and anchor-station measurements were made during three
cruises, to resolve the variations in currents and water properties within the frontal zone,
the region of strong near-bottom salinity gradients where much of the mixing between
fresh and salt water appeared to occur. Anchor stations were performed usually for25h, to
resolve the diurnal and semi-diurnal variations in currents and water properties, and to
allow estimation of the non-tidal residual currents and salinity structure. The anchor-
station measurements were concentrated along two transects, referred to as the River-
Mouth Transect and the Open-Shelf Transect (Fig. 3). Velocity data were obtained during
the anchor stations with both the 600 kHz ADCP and electromagnetic current meters
lowered on an instrumented tripod (Geyer and Kineke, 1995; Kineke and Sternberg,
1995). Because the frontal zone is the region of maximum fluid-mud concentration, a
major component of the frontal-zone measurements was directed at quantifying the fluid-
mud distribution and determining its influence on flow and other water properties.

A moored array of current meters, with temperature and conductivity sensors, was
deployed across the shelf about 150 km northwest of Cabo Norte, between February and
June 1990 (Fig. 3). The M1 mooring site was at the 18-m isobath, close to the seaward limit
of the bottom salinity front. The M2 mooring site was located at the 65-m isobath, at the
base of the foreset beds where the most rapid sediment accumulation occurs. These
moorings were equipped with Vector-Averaging Current Meters (VACMSs) and Seabird
temperature and conductivity sensors at all instrument depths (see inset, Fig. 3). A
Vector-Averaging Wind Recorder was deployed on a surface toroid buoy at the 63-m site.
A special dual-rotor VACM was deployed near the bottom at the 65-m site, in an attempt
to measure the near-bed shear. The M3 mooring site, instrumented with an Interocean S4
current meter and three SensorData current meters, was located at the 105-m isobath to
provide information concerning the outer-shelf forcing. Additional current measurements
were obtained at the 65-m M2 site, using a bottom tripod equipped with a vertical array of
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Fig. 3. Measurement locations for major components of the AmasSeds physical oceanography

program. Moored instruments were.deployed from February to April 1990. Shipboard measure-

ments (including hydrographic and ADCP surveys, anchor stations and drifter releases) were

performed during four cruises in August 1989, March 1990, May-June 1990 and November 1991.

Also shown, are the locations of moorings deployed from September 1989 to January 1991 as part
of the STACS program.

four Marsh-McBirney electromagnetic current meters for measuring the near-bed shear, a
high frequency pressure sensor for determining wave forcing and other instruments for
monitoring sediment transport and deposition (Cacchione ef al., 1995; Sternberg et al.,
1996). A wave-rider buoy deployed at M1 was lost. |

An additional moored array was deployed seaward of the AmasSeds array, as part of the
Subtropical Atlantic Climate Studies (STACS) program (Johns et al., 1990). Three
moorings were deployed between September 1989 and J anuary 1991 at depths of 483, 2037
and 3421 m, along a line perpendicular to the shelf break, roughly continuing the
AmasSeds array off the shelf (Fig. 3).

Satellite-tracked drifters were deployed during each cruise to obtain direct Langrangian
current measurements over the Amazon shelf. The Draper Lab Low Cost Drifters (LCDs)
‘consist of a small surface float attached to a holey sock drogue, centered at 2.5-10-m
“depth. Usually, two drifters were released near the river mouth during each cruise, with

the drogue depth chosen for the float to track the surface freshwater plume or the
underlying water. Satellite imagery was obtained from the NOAA Advanced Very High
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Resolution Radiometer (AVHRR) to determine surface reflectance, which is related to
the surface suspended-sediment concentration (Stumpf er al., 1993).

TIDES ON THE AMAZON SHELF

Ocean forcing

Tides on the Amazon shelf are forced primarily by the deep ocean tides. Cartwright et al.
(1991; referred to as CRS91) constructed cotidal charts of the principal semi-diurnal and
diurnal tides in the Atlantic Ocean. These were based on a harmonic analysis of sea-
surface height; estimates were made using GEOSAT altimeter data obtained during the
Exact Repeat Mission. Their charts show that the three principal semi-diurnal constituents
each exhibit a broad region of small phase change and large amplitude adjacent to the
Amazon shelf, with amplitudes varying from 70-85 cm for M,. The relative amplitudes of
the two smaller constituents S, and N,, to M,, are about S,/M, = 0.31 and N,/M, = 0.21,
respectively, indicating a large spring-neap variation [(M, + S;)/(M,; — S,) = 1.9] and
monthly variation [(M, + S, + N,)/(M, — S, — N,) = 3.2] in semi-diurnal forcing. The
diurnal tides on the Amazon shelf are much smaller, with the two principal constituents K
and O, each having an amplitude of 6-8 cm near the Amazon shelf. Thus the primary tidal
forcing on the Amazon shelf is semi-diurnal, with the M, being the dominant constituent.

Shelf response

The response of the Amazon shelf to the offshore semi-diurnal tidal forcing is complex,
in part because of the topography of the Amazon river mouth and shelf region. Figure 4

M; elevation amplitude (m) M; elevation phase ("G)

48* 47 46° 45 5X°W  S51° 50* 49 48" 47° 46" 45°

2
52°W  51° 50

Fig. 4. M, elevation amplitude (m) in left panel and elevation phase (°G) in right panel for

Amazon shelf. These cotidal charts have been drawn from elevation data at the shelf stations,

denoted by dots, and altimetric results from CRS91 seaward of the shelf break. (From Beardsley et
al., 1995; reproduced with permission of the American Geophysical Union.)
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M, Transport Ellipses

52°W 51° 50° 49° 48° 47° a6° 45°

Fig. 5. M, volume transport cotidal chart for the Amazon shelf, based on an empirical fit of 1327

hourly averaged ADCP transport measurements and anchor and moored current time series

collected during AmasSeds. The fit is based on polynomial spatial functions with tidal periodicity.

The fitted transport ellipses are shown with the phase of maximum landward (flood) flow, given in

°G, with a contour interval of 30°. (From Beardsley ez af., 1995; reproduced with permission of the
American Geophysical Union.)

presents cotidal charts for the M, surface elevation and transport fields over the Amazon
river mouth and shelf, as constructed by Beardsley er al. (1995). The elevation cotidal
charts combine CRS91 offshore elevation information with AmasSeds moored and
anchor-station data and with Brazilian Navy coastal sea-level data to show contours of
equal elevation amplitude and Greenwich phase of maximum elevation. The transport
chart (Fig. 5) illustrates the M, transport ellipse (showing the semi-major and semi-minor
axes, their geographical orientation and phase of the maximum transport in the direction
of flood), based on an analysis of the AmasSeds shipboard ADCP and moored current
data, using the empirical approach developed by Candela et al. (1992).

The M, tidal wave generally propagates landward across the shelf and into the Amazon
and Para Rivers. However, there is a marked difference in the structure of the M, tide in
front of the river mouth and over the shelf to the north, between Cabo Norte and Cabo
Cassipor¢. In this northern shelf region, the M, tide reaches a maximum amplitude in



Physical occanography of the Amazon shelf 583

excess of 3 m for the nearshore area, where the shelf width is a maximum. The phase lag in
maximum elevation between the shelf break and the coast is roughly 75°. The M, transport
ellipses are nearly rectilinear and oriented across the local topography. The maximum
transport occurs near the shelf break and the semi-major axes decrease monotonically in
the landward direction. There is some veering in the orientation of the ellipses in this
region, to follow the northern coastline as the wave progresses landward. There is little
cross-shelf phase lag in transport, so that the phase difference between M, elevation and
transport increases from roughly 45° at the shelf break to over 80° nearshore. This change
in the relative phase of elevation to transport indicates that the M, tide approaches a
damped standing wave as it propagates across the shelf into this region.

South of Cabo Norte, the M, tidal wave propagates across the shelf and into the Amazon
and Para Rivers, primarily as a damped progressive wave, consistent with the well-known
observation that the semi-diurnal tides propagate upriver through the river mouth
(Defant, 1961; Ferraz and A’dCarvalho, 1975). The M, elevation reaches a maximum
amplitude of approximately 1.5 m at the entrances of the Amazon North and South
Channels and the mouth of the Para River, and then decays slowly upstream. The M,
transport ellipses are generally oriented across the topography into the river mouths, but
are less rectilinear, especially near the Para River. The semi-major axes decrease in
magnitude onshore. Both M, elevation and transport show a continuous increase in phase
as the tide progresses across the shelf and upriver, with a mean difference between
elevation and transport phase of roughly 30° within the North Channel. South of the Para
River, the M, tide behaves more as a damped standing wave, with less phase lag across the
shelf and a maximum elevation amplitude of roughly 1.9 m at the coast near 46.5°W. The
other principal semi-diurnal constituents, S, and N, (not shown), exhibit qualitatively
similar behavior over the Amazon shelf and river-mouth region.

Vertical structure

The vertical structure of the semi-diurnal tidal currents was examined at AmasSeds
anchor stations and the M2 mooring site. Figure 6 shows a sequence of vertical profiles of
velocity, salinity and suspended-sediment concentration obtained over one semi-diurnal
tidal cycle at the Open-Shelf anchor station OS2 (Fig. 3) during 15 March 1990. These
observations are qualitatively similar to other anchor-station observations made in the
frontal zone (Geyer and Kineke, 1995). The cross-shelf velocity component is dominated
by the semi-diurnal tidal flow, with an amplitude of 140-160 cm s~!. The along-shelf
velocity component also exhibits a semi-diurnal variation, although of smaller amplitude.
This station is located on the seaward side of the near-bottom frontal zone (between
brackish riverine and salty shelf water) which tends to parallel the 10-m and 15-misobaths.
The large temporal fluctuations in salinity at the site are due principally to the cross-shelf
advection of the front by the tidal current, with minimum near-bottom salinities occurring
at the end of ebb.

The oscillatory tidal flow has an interior region of minimum vertical shear located above
a bottom boundary layer of thickness 34 m. The concentration of suspended sediment
increases roughly exponentially near the bottom, reaching maximum concentrations well
above 10 g 17! in the bottom 1-2 m at this station. Trowbridge and Kineke (1994} have
shown that these fluid muds tend to stably stratify the near-bottom flow and lead to greatly
reduced near-bottom stress. As a result, the tidal boundary layer over a fluid-mud layer is
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much thinner (in the order of a few meters) than would be expected for an unstratified flow
over a flat sandy bottom (where the boundary layer would extend through the water
column), and the effective friction exerted by the bottom on the overlying fluid can be
greatly reduced. Because fluid muds are found near the mouth and over much of the
subaqueous delta between Cabo Norte and Cabo Cassiporé (Kineke and Sternberg, 1995)
their influence on the dynamics of the tides is significant and will be discussed below.

At the M2 mooring site, the depth-averaged semi-diurnal tidal currents are oriented
within 5° of the cross -isobath direction and the M, component has a maximum amplitude
of about 70 cm s ' at a height of roughly 11 m above the bottom. The surficial sediments at
this site are relatively consolidated with no fluid mud and the near-bottom velocity profiles
are characteristic of a homogeneous log layer (corrected for tidal acceleration and
deceleration effects) during perlods of stronger flows when bottom stresses are large, i.e.
friction velocity u, > 1 cm s~ (Cacchione et al. , 1995). The near-bottom M, current leads
the near-surface current by approximately 30° (about 1 h), consistent with an oscillatory
frictional bottom boundary layer (e.g. Soulsby, 1990).

The M, velocity profile at the M2 mooring site exhibits a subsurface maximum above the
bottom boundary layer, which suggests the presence of an internal tide, centered about the
strong pycnocline at 5-10 m depth. Beardsley ez al. (1995) used the two-layer model of
Rattray (1960) to show that the barotropic, semi-diurnal tidal currents over the seaward
face of the subaqueous delta can excite an internal tide in the stratified water column,
which radiates both landward and seaward from the delta face. The model predicts that
less than 5% of the incident barotropic tidal energy is converted into the internal tide, so
that the dynamics of the semi-diurnal tide are not strongly modified by stratification. This
internal tidal motion is distinct from the interactions between the tides and the density
structure within the bottom salinity front, which occurs approximately 50 km landward of
the M2 mooring (see the section on the Amazon River outflow, the frontal zone).

A conceptual model for the M, tide

Beardsley et al. (1995) have constructed a simpie conceptual model for the barotropic
M; tide over the Amazon shelf, based on the cotidal charts shown in Fig. 4 and other
AmasSeds data. They applied a simple variable-width-channel tidal model to the observed
elevation and transport data obtained in the Cabo Norte-Cabo Cassiporé region, and
found that the best data/model fit was obtained when: (a) the channel width was reduced
nearshore to model the convergence of the effective coastline, as the tidal wave propagates
onshore between the Cabo Norte shoal and Cabo Cassiporé, and (b) the bottom (spatially
constant) drag coefficient was reduced to Cp = 0.0013. The Cabo Norte shoal extends

Fig. 6. Tidal variations of velocity, salinity and suspended-sediment concentration at open-shelf anchor station
OS2 on 15 March 1990. Top panel shows salinity, water depth and fluid-mud thickness as a function of time
through a 25-h sampling per:od The fluid-mud layer is shown as stippled, with suspended-sediment concen-

trations exceeding 10g 17" and 50 g 17! indicated by light and dark stippling, respectively. The lower panels show
vertical profiles of along- and cross-shelf current, salinity and suspended-sediment concentration, observed at 2-h
intervals during the times indicated by letters A~H in the top panel. Note that the region of high shearin the cross-
shelf velocity profiles is confined to the lowest 2-5 m of the water column, indicating that most of the tidal
boundary layer occurs in the fluid-mud layer. (Adapted from Geyer and Kineke, 1995; reproduced with

permission of the American Geophysical Union.)
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roughly 90 km offshore, with water depths less than 5 m (see Fig. 1), and acts as a partial
barrier to separate the tide as it propagates into the North Channel and the Cabo Norte—
Cabo Cassiporé embayment. This partial barrier causes convergence of tidal energy within
the embayment and leads to local resonance, with maximum elevation at the head. The
resonant period of this embayment is approximately 11.9 h. The variable-width-channel
model also indicates that most of the tidal-energy dissipation occurs over the middle and
inner shelf (in water depths less than 20 m), where the tidal currents are largest and fluid
muds may be present. Trowbridge and Kineke (1994) showed that a fluid-mud layer (like
that shown in Fig. 6) can reduce the local bottom drag coefficient to minimum values as low
as Cp = 0.00016. The data/model comparison suggests that the M, tide, in essence,
integrates over spatial variations in the fluid-mud distribution on scales up to 50 km,
resulting in a significant reduction in the bottom stress (and bottom drag coefficient)
experienced by the tide.

Béardsley et al. (1995) also applied the variable-width-channel tidal model to the North
Channel region. Although there was less field data for comparison, the best data/model fit
supports the idea that the M, tide propagates cross-shelf and upriver as a damped
progressive wave, with the effective bottom friction reduced by fiuid muds in the river
mouth,

THE AMAZON RIVER OUTFLOW

The Amazon River outflow goes through several different zones on the shelf, each with
distinct hydrographic characteristics and dynamics. Figure 7 provides a schematic of these
different zones. The river-mouth zone is the shallow, well-mixed region where the
Amazon debouches onto the shelf. The inner shelf is the shallow (<15 m) well-mixed zone
extending northwestward along the coast. The frontal zone is a region of strong near-
bottom salinity gradients, across which the bottom-water salinity increases from nearly
fresh to oceanic values. The plume is the surface layer of brackish water, typically less than
10 m thick, which extends seaward from the frontal zone over the outer shelf. The outer
shelf is defined here as the region seaward of the frontal zone and beneath the plume,
extending from roughly the 20-m isobath to the shelf break.

The river mouth and inner-shelf

The Amazon River joins the shelf through two main channels, the North and South
Channels. These channels are approximately 10 km wide and 20 m deep as they wind
through a network of islands toward the sea. It is generally presumed that most of the
freshwater discharge goes through the North Channel, based on the observed salinity
anomalies (Lentz and Limeburner, 1995), although we are not aware of any direct
observations of relative discharge. If one assumes that 65% of the flow passes through the
North Channel, the mean outflow during high discharge would be 160,000 m?s~!, which
would correspond to a net seaward velocity of 80 cm s~1. Although this is quite an
energetic outflow, tidal velocities of up to 250 cm s~! (United States Defense Mapping
Agency, Chart 24320) are strong enough to reverse the flow within both channels.

The water in the river-mouth channels is believed to be entirely fresh even at low
discharge, based on observations by Gibbs (1970). These are supported by AmasSeds
observations during November 1991, which indicate that 2-psu water never got closer than
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Fig. 7. Schematic showing the different regions of the Amazon shelf, as described in the text. The river-mouth

region is perennially fresh. Along the shelf to the north is the well-mixed but brackish inner-shelf water, Seaward

of these two regions is the frontal zone, the transition between well-mixed and highly stratified conditions.

Beyond and seaward of the frontal zone is the plume and beneath the piume is the outer-shelf water, which
appears to be indistinguishable from water of the North Brazil Current.

60 km seaward of the mouth of the North Channel (Limeburner et al., 1992). The freshness
of the Amazon mouth is maintained in part by the magnitude of discharge, which even
during low flow is enough to produce a strong, net seaward current at the mouth (in a
tidally averaged sense). It is also maintained by the strong vertical mixing associated with
tidal flow that occurs over the broad inner-shelf region, which breaks down the vertical
density structure before the salinity intrusion can reach the river-mouth channels.

As the fresh water leaves the river-mouth region, most of it is directed across the inner
shelf into the frontal zone and the plume. An unknown fraction of fresh water appears to
continue along the coast, crossing the Cabo Norte shoal. This inference is based in part on
satellite images of surface reflectance obtained in August 1989 (Fig. 8), which show streaks
in turbidity that may be indicative of the direction of near-surface flow. The orientation of
the streaks on 1 August 1989 suggests that the surface water 1s flowing around the shoal,
but on 9 August, the turbidity suggests that the flow is directed over the shoal. The very
shallow water on the shoal, combined with the strong tidal currents on the inner shelf,
should maintain well-mixed conditions and should impede the along-shelf flow due to
tide-, wind- and wave-induced turbulence. This well-mixed inner-shelf region does not
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appear to be a major conduit of fresh water, based on tidally averaged velocity data at the
inner Open-Shelf anchor station (OS1, Fig. 3), which indicates weak (0-30 cm s~ 1)
along-shelf flows, compared to the 50-100 cm s ™! along-shelf flows observed in the frontal
zone and plume (Geyer and Kineke, 1995; Lentz, 1995a). The sedimentary characteristics
of the shoreline to the north of Cabo Norte (Allison ez al., 1995) indicate that little Amazon
sediment accumulates; in fact the shoreline is erosional until Cabo Cassiporé, where the
sediment-laden frontal zone approaches the coast.

The frontal zone

The frontal zone is defined here as the transition region between the well-mixed
nearshore waters and the strongly stratified, surface plume that extends over the middle
and outer shelf. Tt is distinguished by a strong, cross-shelf gradient in near-bottom salinity
that extends continuously along the inner shelf from the Para River to Cabo Cassiporé,
between the 10- and 20-m isobaths (Fig. 9). The seaward limit of the frontal zone (where
the bottom salinity reaches 35-36 psu) is remarkably constant in position, occurring close
to the 20-m isobath in all observations. However, the landward extent of the front varies by
as much as 80 km, due mainly to variations in river discharge and tidal amplitude (Geyer,
1995). The front extends farther landward during neap tides and low discharge. The mean
position of the front on the River-Mouth Transect is close to the crest of transverse shoal
(approximately 9.5 m depth). It roughly follows the 10-m isobath across the river-mouth
region, deepening to the 15-m isobath as it extends to the north.

Transverse structure of the frontal zone. Examples of the observed transverse structure
in the frontal zone at the River-Mouth and Open-Shelf Transects are shown in Fig. 10.
These observations were obtained during high run-off conditions in June 1990. At the
River-Mouth Transect, low-salinity water is observed near the surface on the landward
side of the front. A pronounced bottom salinity front is found near the crest of the river-
mouth bar, across which the salinity increases from 10 to 25 psu in 10 km. Seaward of the
bar, the near-bottom salinity continues to increase, reaching 36 psu near the 20-m isobath,
where the bottom slope becomes steeper near the edge of the foreset beds. The bottom
salinity front is the lift-off point for the Amazon plume, which is seen here extending at
least 60 km beyond the front in the upper water column.

Also shown, are contours of fluid-mud concentration. The fluid-mud layers are thickest
and have the highest concentrations at the bottom salinity front. The suspended-sediment
distribution is similar to an estuarine turbidity maximum and similar processes appear to
contribute to sediment trapping in the Amazon frontal zone, as in other estuarine regimes
(see Kineke ez al., 1996).

The udally averaged, cross-shelf velocity obtained at the RM2 anchor station is
indicated by arrows. Cross-shelf velocities of 55 cm s~ are observed in the surface layer,
dropping to 10 cm s~ ! near the bottom. This flow is slightly stronger but similar in structure
to other current observations obtained at the River-Mouth anchor stations (Geyer and
Kineke, 1995). Not shown, is a strong along-shelf component of flow observed during this
anchor station, which reaches 80 cm s ™' near the surface and drops to less than 10 cm s~ !
near the bottom. More typical along-shelf velocities are 10-20 cm s™!, observed during
other River-Mouth anchor stations. The vertical shear in the cross-shelf direction indicates
that Amazon water is advected across the front into the plume in an estuarine-like manner.



Physical occanography of the Amazon shelf 589

Fig. 8. Satellite images of atbedo, using NOAA's Advanced Very High Resolution Radiometer (AVHRR).

The images were generated by taking the difference between channel 2 and channel 1. This quantity has been

found to corrciate well with near-surface suspended sediment in other environments (Stumpf e af.. 1993} and it

reduces the influence of thin clouds and haze. The plume emanating from the North Channel is evident in the two

tmages. During [ August 1989 (JD-213), it is directed scaward. but during 9 August 1989 (JD-221). it follows the

coast to the northwest. This variability is likety to be associated with variations in wind and possibly with tidal
amplitude variations. (Figures supplicd by R. Legeckis.)
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Fig. 14. Near-surfacc salinity contours obtained during the four large-scale hydrographic cruises, correspond-

ing to different stages in the annual discharge cycle (Lentz and Limeburner, 1995; reproduced with permission of

the American Geophysical Union). Much of the variability is not, in fact, due to variations in discharge, but
rather to variations in along-shelf winds (see text).
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Fig. 15.  Cross-sections across the plume at the River-Mouth and Open-Shelf Transects during various surveys,

under different wind and run-off conditions (Lentz and Limeburner, 1995; reproduced with permission of the

American Geophysical Union). The plume thickness remains nearly constant, but its offshore cxtent and
freshwater content vary tremendously due to variations in atmospheric forcing over the shelf.
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Fig. 9. Contours of near-bottom salinity obtained during the shelfwide hydrographic survey in May 1990. The
bottom salinity front follows the general trend of the isobaths, between 10- and 20-m depth. (Adapted from Lentz
and Limeburner, 1995.)

However, the absence of a net landward near-bottom flow at this and other River-Mouth
anchor stations (except during low-discharge conditions) and the presence of significant
along-shelf flow, indicate that the subtidal flow is three-dimensional, unlike the classic
two-dimensional estuarine paradigm. The presence of low, but measurable, salinity in the
water landward of the front (Fig. 10) also suggests that along-shelf advection contributes to
the salt balance (Geyer and Kineke, 1995).

The cross-shelf structure at the Open-Shelf Transect (200 km northwest of the River-
Mouth Transect) also indicates a strong near-bottom salinity front, located near the 15-m
isobath. The nearshore salinity is considerably higher than at the river mouth, although
still well below oceanic values. The plume has a relatively high salinity of 30 psu during this

period; however, the salinity of the plume is highly variable, based on moored and
shipboard hydrographic data (Lentz and Limeburner, 1995).

The highest concentrations of suspended sediment are located in the vicinity of the
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Fig. 10. Cross-sections across the frontal zone at the River-Mouth Transect {upper) and Open-Shelf Transect

(lower) obtained in June 1990. Salinity and suspended-sediment contours are shown, as well as vectors indicating

the tidally averaged cross-shelf velocity. At the River-Mouth Transect, the tidally averaged flow shows the

dominance of the river outflow, with no deep return flow. At the Open-Shelf Transect there is an estuarine-like

circulation, driven by the cross-shelf density gradient, as well as upwelling due to Ekman veering in the bottom
boundary layer.

bottom salinity front. Near-bottom concentrations at the OS2 anchor station reach more
than 200 g 1"! and fluid mud extends 1-3 m above the bed (Kineke and Sternberg, 1995).
Water with anomalously low salinity is found in the fluid-mud layer. The apparent density
inversion is compensated by the fluid mud, which dominates the density variation in the
bottom meter of the water column (Kineke et al., 1996). The presence of the near-bottom
salinity minimum suggests that there is net seaward advection in the turbid lower layer,
carrying sediment from the low-salinity inner shelf toward the foreset beds (Kineke etal.,
1996).

The velocity data show a net seaward flow in the surface water of approximately 20 cm
s”! and a landward flow of several cm s~! in the deep water. The along-shelf flow (not
shown) is much stronger, with near-surface speeds of 30, 70 and 90 cm s~ ! at the OS1 , 082
and OS3 anchor stations, respectively. The moored observations indicate that there is
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considerable temporal variation in the flow at several day and longer time scales (Lentz,
1995a), but the velocities shown in Fig, 10 appear to be representative of conditions during
moderate to high river discharge. The cross-shelf flow resembles estuarine circulation and
is driven in part by the cross-shelf pressure gradient associated with the salinity gradient.
The Coriolis acceleration acting on the vertically sheared, along-shelf flow, reinforces this
cross-shelf flow (see section on the outer shelf).

Tidal variations in the frontal zone. The cross-shelf tidal excursion in the frontal zone
results in large tidal variations in salinity and stratification. Variations of currents and
salinity through a tidal cycle within the frontal zone at the River-Mouth Transect are
shown in Fig. 11. These data were obtained at the RM3 anchor station on the crest of the
river-mouth bar (Fig. 3) within two days of the transect shown in the upper panel of Fig. 10.
Similar variations are observed at the Open-Shelf Transect (Fig. 6). Near-surface salinities
remain nearly uniform, but the cross-shelf advection of the bottom salinity front causes
large variations in near-bottom salinity.

At both the River-Mouth and Open-Shelf sites, the highest salinities occur 2-3 m above
the bottom. Fluid-mud concentrations below the salinity maximum are great enough to
stabilize the salinity inversions. The velocity data at the River-Mouth site indicate a
pronounced velocity maximum within the halocline during the flood (profile A). During
the ebb, the velocity profile has a more uniform gradient (profile E), suggesting that the
turbulent boundary layer extends higher into the water column. During extreme spring
tides, the boundary layer during ebb at the River-Mouth Transect was found to extend
throughout the water column, although most of the observations in the frontal zone
indicate that the tidal boundary layer is limited to a small fraction of the water depth. As
noted previously, the strong stratification by fluid mud reduces the bottom stress and the
vertical penetration of boundary-layer turbulence.

Spring-neap variations in the frontal zone. The salinity structure within the frontal zone
was found to vary as a function of tidal amplitude (Geyer, 1995), with a strongly stratified,
salt-wedge-like front occurring during neap tides and a more weakly stratified regime
during spring tides. Figure 12 illustrates the changes in frontal structure along the River-
Mouth Transect between neap and spring tides. The bottom salinity front was found to
penetrate farther landward during neap tides; the frontal position (based on the landward
extent of the 20-psu salinity contour) was found to vary by 40 km in the cross-shelf
direction, due to variations in tidal amplitude. Similar variations in stratification and
frontal position are evident at the Open-Shelf Transect, based on moored observations of
salinity. In Fig. 13, the cross-shelf velocity at 3-m depth and the near-surface and near-
bottom salinity at the M1 mooring indicate that minimum stratification occurs during
periods of strong spring tides. The variation of near-bottom salinity also suggests landward
and seaward motion of the front, due to spring-neap variations of the tidal amplitude. This
was quantified by Geyer (1995), indicating a displacement of 20 km between spring and
neap tides at the Open-Shelf Transect.

This spring-neap variation of stratification suggests that tides provide an important
mechanism for vertical mixing in the frontal zone. Geyer (1995) found that the vertical
shears induced by tidal currents, were large enough during strong spring tides to overcome
the stabilizing influence of stratification by salinity and suspended sediment. This was
based on estimates of the gradient Richardson number, the ratio of the magnitude of
stratification to the shear squared: Ri = (—g/p,)(3p/dz)!|di/0z|* (where g is the acceler-
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Fig. 11. Salinity and velocity variations at a River-Mouth anchor station during June 1990. Upper panel shows

contours of salinity and suspended-sediment concentration as functions of time and depth (from Geyer and

Kineke, 1995; reproduced with permission of the American Geophysical Union). Lower panel shows vertical
profiles of cross-shelf velocity and salinity at the times indicated in the upper panel.

ation of gravity, p, is the mean density, p is the vertically varying density, u is the
horizontal velocity vector, and z is the vertical coordinate). Based on theoretical (e.g.
Miles, 1961) and experimental (e.g. Thorpe, 1971) studies, Ri provides a measure of the
stability of a stratified shear flow. When Ri < 0.25, the shears become strong enough to
overcome the stabilizing density gradient and vertical mixing occurs. During neap tides in
the Amazon frontal zone, Ri rarely dropped below the theoretical stability threshold of
0.25 within the pycnocline, but during spring tides there were frequent occurrences of
Ri < (.25. Based on the anchor station observations, the 140-200 cm s~ ! velocities that
occur during spring tides usually produce large enough shears to break down the
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Fig. 12. Salinity sections across the River-Mouth Transect obtained during neap (upper) and spring (lower)

conditions (Geyer, 1995; reproduced with permission of the American Geophysical Union). During neap tides,

the stratification is much stronger and the front extends farther landward than during spring tides. There is also

some influence of discharge variations, although the dominant factor in this example is the variation in tidal
amplitude.

stratification in the frontal zone and the 70-100 cm s ™' currents that occur during neaps
allow the stratification to become re-established.

The density stratification due to suspended sediment was often as large as that due to
salinity, thus augmenting the stability of the flow in the frontal zone. In one set of
observations in March 1990, the frontal structure persisted during strong spring-tide
conditions, due apparently to the increased stratification from fluid mud, which prevented
the tidal shear from breaking down the vertical stratification.

The plume

Spatial structure of the plume. After Amazon River water traverses the frontal zone it
forms the Amazon plume, a thin but tremendously broad layer of brackish water that can
extend from the river mouth many hundreds of kilometers across the shelf and northwest-
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stratification, as indicated by the difference between near-surface and near-bottom salinity, also shows spring-
neap variation, with maximum stratification occurring during neap tides.

ward along the shelf. Surface salinity maps produced from the four AmasSeds hydro-
graphic cruises illustrate the spatial extent of the plume (Fig. 14). Each survey took
approximately seven days to complete, with the ship moving in the direction of the along-
shelf flow from southeast to northwest. Due to strong advection over the shelf and large
temporal variability at time scales as short as several days, the surveys should not be
viewed as either synoptic or as representative of the annual discharge cycle, but instead as
approximate descriptions of the plume during different wind and discharge conditions.
In each survey, the low-salinity water was observed to cross the inner shelf at the river
mouth, then turn northwestward, forming a tongue of low-salinity water that extends
along the middle shelf (Lentz and Limeburner, 1995; Curtin, 1986a,b; Gibbs, 1970).
Another zone of low-salinity water was found along the inner shelf, northwest from the
river mouth. During all but the March surveys, the seaward limit of the plume extended
diagonally across the shelf, suggesting that it spread seaward as it advected to the
northwest. During the March survey, the plume bulged seaward from the river mouth
beyond the limits of the survey track. The integrated freshwater content on the shelf
during March was twice what was found in June, even though the discharge in March was
lower than in June (Lentz and Limeburner, 1995). This apparent paradox is explained by
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variation in the along-shelf flux of fresh water. When along-shelf flow is strong, the
freshwater plume is rapidly carried northwestward, but when the along-sheif flow
weakens, fresh water accumulates over the Amazon shelf (Lentz and Limeburner, 1995;
Lentz, 1995a). The seaward extent of the plume was most limited during the low-discharge
survey, probably reflecting the reduced discharge during this period (Fig. 2).

Sections across the plume illustrate its vertical and cross-shelf structure (Fig. 15).
Defined here as the depth of the center of the halocline, the thickness of the plume varied
little spatially and temporally from a mean value of 7.3 + 2.9 m (Lentz and Limeburner,
1995). Beneath the plume, the outer-shelf water had essentially constant salinity of 36.2
psu (except in November 1991, when the ambient salinity increased to 36.3 psu). The
salinity within the plume, as well asits seaward extent, varied considerably. Comparison of
the Open-Shelf Transects in February and March 1990 indicates that much of the plume
variability was not simply due to the seasonal variation of river discharge. Variations in
plume extent and salinity appear to be related to variations in wind forcing that occur on
time scales of days to weeks (Fig. 2). Although tidal mixing was found to be important
within the frontal zone, its influence was not apparent in the plume, probably due to the
separation of the plume from bottom-generated turbulence.

Near-surface drifters deployed in the river-mouth region during the four cruises (Fig.
16) showed the northwestward tendency of the plume flow (Limeburner et al., 1995). The
trajectories of these drifters were not truly Lagrangian, because they could not follow
vertical motions that may be associated with frontal features on the shelf, but they do
provide a qualitative assessment of the flow at scales not available with the other
measurements. The drifters typically crossed the shelf at a smali angle to the isobaths, with
mean speeds of 42-128 cm s~ and a maximum along-shelf velocity of almost 200 cm s~
Many drifters showed strong accelerations near 2°N, which appear to be associated with
flow around the Cabo Norte shoal. One of the drifters (deployed in May 1990) crossed the
outer shelf before reaching the Cabo Norte shoal, but the others remained on the shelf past
Cabo Cassiporé.

Temporal variations of the plume. There is marked variation in along-shelf flow and
salinity within the plume on time scales as short as one week, based on the moored current-
meter data (shown in Fig. 17; Lentz, 1995a). Near-surface (3-m) salinity observations
indicate that the inner-shelf mooring site M1 was always in the plume and the mid-shelf
mooring site M2 was in the plume more than 90% of the time. During the mooring
deployment, there were several distinct events in which the salinity dropped markedly
over the course of several days to one week. Lentz and Limeburner (1995) analyzed the
temporal variation of the salinity to determine the relative contributions of vertical mixing,
along- and cross-shelf advection to the observed salinity variations. They determined that
at the mid-shelf site, the short-term fluctuations in salinity are explained principally by
cross-shelf advection of the front, but the large drops in salinity, such as observed in early
March and early April 1990, appear to be the result of along-shelf advection. The first of
these low-salinity pulses followed the March hydrographic survey, during which the fresh
water had accumulated over the shelf due to weak along-shelf flow. The drop in salinity at
the M2 mooring occurred when the pool of low-salinity water was transported northwest-
ward, after the along-shelf flow had been re-established. Both the March and April low-
salinity events were accompanied by increases in the along-shelf flow at the mid-shelf
mooring.
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Fig. 16. Trajectorics of ncar-surface drifters (drogues centered at 2.5-m-10-m depth) released in the plume

during the four AmasSeds deployment periods (August 1989, March 1990, May 1990 and November 1991). Each

24-h interval is marked by a “+”. Avcrage along-shelf velocitics were typically 50-100 cm s™' | except during
November 1991, when they were 10-25 cm s ™1, Bathymetry (in m) is indicated by shading,

The salinity fluctuations at the inner-shelf site are also influenced by along- and
cross-shelf advection, but there appears to be an additional contribution due to tide-
induced mixing. The large fluctuations occurring around 27 March 1990 and the sub-
sequentincrease in tidally averaged salinity appear to result from enhanced vertical mixing
during a transition to strong spring tides. The influence of tide-induced mixing at the inner-
shelf site is a consequence of its shallow depth (18-m) and its proximity to the frontal zone.
Vertical mixing significantly influences the salinity of the plume as it progresses over the
shelf, as indicated by the analysis of Lentz and Limeburner (1995). However, it was not
determined whether mixing occurs principally at the landward edge of the plume by tidal
processes, or whether it occurs throughout the plume due to shear instability or wind
mixing. The gradient Richardson numbers at the base of the plume were generally too high
to account for local mixing, but the influences of wind stress and waves were not examined.,

The moored measurements provide a crude estimate of the freshwater transport along



Physical occanography of the Amazon shelf 601

FEB MAR APR
10 15 20 25 5 10 15 20 25 30 S5 10

15 I REN NN UETETI NI TN O AT NN IO NN
'

1.0 - Inner-shelf mooring M1
o0 i ﬂmmmmmm&\m\\\“m

0.0 +
1.5 - Mid-shelf mooring M2 ~

i ik il

0.5
-0.5 - =

0.0 1
36 7 inner-shelf mooring M1
30 =

24 L
18 ™
12 . . L
36 Mid-shelf mooring M2 _
30 -
24 -
18 , -

12 lll||1IE11|!|lli|1!|l||t||llrlillllllllllllllllltlllll{l|l||t1||

10 15 20 25 5 10 15 20 25 30 5 10
FEB MAR APR

Fig. 17. Time series of current vectors and salinities measured at 3-m depth for the inner- and mid-shelf

mooring sites, in water depths of 17 and 61 m, respectively {Geyer er al., 1991; with permission of The

Oceanography Society). The current time series are plotted with the along-shelf (northwestward) direction

vertical and have been low-pass filtered to remove tidal fluctuations. Note the large amount of current and
salinity variability at time scales of days to weeks.

current (m/s)

salinity (psu)

the shelf, based on the assumption that velocity and salinity vary smoothly across the shelf
(Lentz and Limeburner, 1995). The results of this analysis (Fig. 18) show that, on average,
the freshwater flux at the moored-array transect was comparable to the river discharge
over the measurement period. However, there were large variations in the freshwater flux
at the moored array on time scales of days to weeks that were not evident in the river
discharge. Based on mass conservation, differences between the freshwater flux at the
mooring line and the river discharge must result in changes of the freshwater content over
the shelf. When freshwater flux at the mooring line reversed during the latter part of
February 1990, the resulting convergence of freshwater flux resulted in a large accumu-
lation of low-salinity water over the shelf. This large pool of low-salinity water was
observed during the March 1990 survey (Fig. 14), which indicated lower salinities than the
high-discharge survey in May-June 1990. The spatial pattern of the freshwater pool was
distorted by the temporal changes in the along-shelf flow during the survey, which started
on 28 February and ended on 7 March 1990. The along-shelf transport was re-established
during this interval (Fig. 18), so the “blob” of low-salinity water was observed as a tongue
extending northwestward along the shelf, as the survey progressed northwestward.

Dynamics of the plume. The along-shelf component of wind stress is highly variable (Fig.
2) and although it is small (<1dynem™%), Lentz (1995a) found that it plays a dominent role
in the observed fluctuations of the along-shelf motion of the plume. Lentz showed that the
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Fig. 18. Estimate of the freshwater transport on the Amazon shelf based on the 3-m data from the inner-shelf

and mid-shelf moorings, compared with the estimated river discharge at Obidos (Lentz and Limeburner, 1995;

reproduced with permission of the American Geophysical Union). Although the average shelf transport is
comparable to the river discharge, the variations are larger than the mean.

along-plume momentum balance at the Open-Shelf Transect is well represented by a
simple model that includes only time dependence, wind stress and linearized interfacial
friction. Using a value r = 0.002 cm s ™! as the best-fit for the interfacial friction fractor, the
predicted along-shelf velocity agrees well with the observed velocity (Fig. 19); the
correlation coefficient between the model and observed along-shelf velocities is 0.77 at the
M2 (mid-shelf) site and 0.80 at the M1 (inner-shelf) site. The model not only captures
much of the subtidal variability, but also reproduces the observed trend, suggesting that
the along-shelf wind stress may be an important factor influencing the plume on monthly
and longer time scales. The data/model comparison indicates that in the absence of along-
shelf wind stress, there would be a net along-shelf plume flow of 83 cm s ™! at the mid-shelf
site and 46 cm s~ at the inner-shelf site. This indicates that there is some force other than
the local wind stress causing the Amazon plume to flow northwestward.

Observations of the flow beneath the plume indicate a persistent northwestward
transport, with a mean of 46 cm s ' at 32-m depth and 11 cm s ! at 62-m depth for the M2
site. This suggests the presence of a mean along-shelf pressure gradient, which drives the
flow against the retarding influence of bottom friction. This pressure gradient must be
nearly barotropic, because along-shelf density gradients beneath the plume are weak.
Thus, the mean sea-surface elevation should slope down toward the northwest. The large
shear between the surface plume and the underlying water is explained by the relatively
weaker interfacial drag coefficient, in comparison to the bottom drag coefficient. A
frictionally driven fiow would not normally be expected in water depths of 60 m, but this
occurs on the Amazon shelf due to the greatly reduced influence of the Earth’s rotation,
which allows the influence of bottom friction to extend through the water column. The
along-shelf flow is slower at the inner-shelf site, presumably due to the increased influence
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Fig. 19. Comparison of low-pass-filtered along-plume current observations (3-m depth) and the estimated

wind-driven along-plume current at the inner- and mid-shelf sites, using a simple momentum balance and the

ECMWF winds. Offsets of 46 and 83 cm 5! have been added to the wind-driven current estimates for M1 and

M2, respectively. The correlation coefficients between observed and estimated currents are 0.77 for the M2

mooring and 0.80 for the M1 mooring. The drag coefficient used is r = 0.002 cm s '. (From Lentz, 19935z,
reproduced with permission of the American Geophysical Union.)

of bottom friction at that site. The origin of the pressure gradient is unknown; it appears to
influence the entire Amazon shelf, and it is likely to be associated with the dynamics of the
North Brazil Current.

The cross-shelf dynamics of the plume provide an interesting contrast to mid-latitude
settings, due to the relatively diminished role of Coriolis acceleration in the Amazon
plume. Lentz (1995a) found that time-dependence, baroclinic pressure gradient, wind
stress and Coriolis acceleration of the along-shelf flow are all important in the cross-shelf
momentum balance at the Open-Shelf Transect. Unlike most mid-latitude river plumes, in
which the influence of Coriolis acceleration is usually strong enough to make river plumes
turn anti-cyclonically (i.e. to the right in the northern hemisphere), the Amazon plume
turns cyclonically (to the left), due to the small value of the Coriolis parameter and the
persistence of cross-shelf wind-forcing and the northwestward along-shelf flow. The
vertical shear in the along-shelf flow and the cross-shelf density gradient do not tend
toward the geostrophic or “thermal wind” balance typical of mid-latitude density fronts; in
fact, the geostrophic balance would require a reversal of the vertical shear in the Amazon
plume. However, the landward wind stress is large enough to compensate for this
imbalance and to maintain the northwestward transport in the plume, in spite of the
tendency of rotation to direct the plume seaward.

Lentz (1995a) explained the observed fluctuations in the width of the plume (Fig. 15)
based on changes in wind stress and of the Coriolis force, the latter of which is proportional
to the strength of the along-shelf flow. When the cross-shelf winds are strong and the
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along-shelf flow is weak, the plume becomes narrow (e.g. 10 February 1990) and,
conversely, as the cross-shelf winds weaken and the along-shelf flow increases, the plume
expands seaward (e.g. 4 March 1990). Lentz (19952a) noted that these dynamics suggest a
positive feedback process affecting the along-shelf transport. As the along-shelf flow
increases, it broadens the plume and thus further increases the along-shelf transport.
Conversely, weak along-shelf flow causes the plume to collapse and further reduces along-
shelf transport. This positive feedback may amplify the fluctuations of along-shelf
transport of plume water that occur as a result of the variations in wind-forcing.

The amplification of variations in along-shelf transport helps explain the large amount of
variability observed in the freshwater content over the shelf. A cartoon of the changes in
structure of the plume during different discharge conditions is shown in Fig. 20. When the
wind stress is normal to the coast (“intermediate” conditions) the northwestward transport
at the Open-Shelf Transect balances the riverine input. The plume roughly parallels the
coast. When the wind comes from a more northerly direction (“slow” conditions), as is
observed intermittently during the peak of the northeast trades in February and March
(Fig. 2), the transport at the Open-Shelf Transect is reduced. The Coriolis acceleration no
longer balances the wind stress, so the plume collapses in the transverse direction. The
along-shelf transport is reduced essentially to zero and the fresh water starts to accumulate
in front of the river mouth. If this condition persists for a week, the freshwater content on
the sheif will double. Conversely, if the wind comes from a more southerly direction
(“fast” conditions), as during August, the along-shelf wind stress accelerates the plume at
the Open-Shelf Transect. The increased offshore Coriolis acceleration causes the plume to
broaden, which further increases the along-shelf flux. The increased freshwater transport
at the Open-Shelf Transect exceeds the supply from the river and the plume collapses in
front of the river mouth.

Based on the shipboard wind data, the four hydrographic surveys (Fig. 14) can be
categorized in terms of the three cases shown in Fig. 20. Interestingly, none of the surveys
correspond to the “intermediate” conditions. The March 1990 survey catches a transition
from “slow” to “fast” conditions, based on the wind forcing. The large bulge at the river
mouth during the March survey is explained by a long interval of down-coast winds, which
cause fresh water to accumulate at the mouth. However, the wind switched during the
survey and the conditions farther to the northwest are characteristic of “fast” plume
conditions, with a broad plume of low-salinity water extending across the shelf. The wind
data for the other three surveys indicate varying amplitudes of “fast” plume conditions,
with the strongest along-shelf winds occurring during the August 1989 survey. The spatial
pattern of salinity during August indicates a broadening plume in the vicinity of the Open-
Shelf Transect and there is the suggestion of plume collapse in front of the river mouth.

A tongue of low-salinity water was observed during all four large-scale surveys, roughly
extending from the tip of the Cabo Norte shoal. The tongue follows a similar trajectory
during the first three surveys and it is roughly 50 km closer to shore during the low-
discharge survey in November 1991. The location of the tongue relative to the shoal
suggests that the maximum freshwater transport is displaced offshore by the presence of
the shoal. Frictional effects would be expected to dominate in the shallow waters over the
shoal, thus significantly reducing the magnitude of the along-shelf flow in this area.
Although no measurements were made over the shoal, mixing by waves and tidal currents
probably results in well-mixed conditions. This contrasts the strongly stratified conditions
in the plume, in which turbulent mixing is partially suppressed by the stratification. Given
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Fig. 21. Trajectories of six satellite-tracked drifters, launched near the mouth of the Amazon River at different

stages of the river discharge cycle and one launched in the core of the NBC. The numbers are drifter ID numbers.

Drifters 49a and 60 were deployed in August 1989; 45 and 57 in March 1990; 44 in June 1990; 42 and 49b in

November 1991. Different symbols identify different drifters and the symbols are plotted every 10 days along
each trajectory. A dashed trajectory is shown when a drifter lost its drogue.

the same magnitude of along-shelf forcing, the flow over the shoal should be considerably
weaker than the flow farther seaward in the stratified plume. This cross-shelf variation in
flow could produce the observed tongue-like pattern advecting low-salinity water. Gibbs
(1976) suggested that upwelling of high-salinity water landward of the plume axis may also
contribute to the tongue-like structure. The AmasSeds observations also indicate that
upwelling may be significant, based on velocity and temperature data (see section on the
outer shelf).

The far field

The far-field trajectories of the drifters demonstrate the seasonal variability of the
retroflection of the North Brazil Current. Three drifters (two deployed in March 1990 and
one deployed in November 1990) went northwestward toward the Carribbean, parallel to
the northeastern coast of South America (Fig. 21). These drifter tracks show the
distinctive signature of eddies starting downstream of the Demerara Rise (a submarine
ridge extending northward from the coast of South America at 54°W), with looping
periods of approximately 11 days. The rest of the drifters (two drifters deployed in August
1989, one drifter deployed in June 1990 and one drifter deployed in November 1991)
turned away from the coast somewhere between 5° and 10°N, apparently as a result of the
NBC retroflection. Three of these drifters eventually went northwestward toward the
Windward Islands; one continued nearly to Africa in the North Equatorial Counter
Current.

The variation of the drifter trajectories between deployments is consistent with the
seasonal variation in the near-surface salinity distribution, determined from analysis of
historical hydrographic observations in the NODC data archive (Lentz, 1995b). The mean
near-surface salinity field for January—July shows low-salinity water extending north-
westward along the coast, whilst in July-December, low-salinity water extends northeast-
ward in the NBC retroflection (Fig. 22; see also Muller-Karger et al., 1988).
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Fig. 22. Mean near-surface salinity based on historical data from NODC during January-June (a) and

July-December (b). There is a shift in the far-field salinity distribution between the two periods, due to the

variation of the NBC retroflection as well as variation in the along-shelf wind stress. During the January—Junc
period, episodes of southward wind stress lead to an eastward bulging of the isohalines near the equator.

THE OUTER SHELF

The currents over the outer-shelf are northwestward, with speeds exceeding 100 cms ™,
Figure 23 compares the velocities observed at 30-m depth for the AmasSeds M3 site on the
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Fig. 23, Vector velocities for the outer-shelf M3 mooring at 30-m depth and the STACS mooring near the
483-m tsobath at 60-m depth. The vectors have been rotated such that the along-shelf direction (315°) is upward.
There is a visual correspondence of variations between the two locations, but the correlation is low.

105-m isobath, with the flow at 60-m depth for the STACS mooring on the 483-m isobath.
During this period, the along-shelf currents over the outer shelf were considerably
stronger than those farther seaward, although some of this difference may be due to the
depth of the two current measurements. The correlation is weak between the currents at
the two locations. Correlations are also weak between the sub-plume currents at the M2
mid-shelf site and those at the M3 outer shelf site. The spatial variability and lack of
correlation among the current measurements on the outer shelf and the upper slope
suggest a complex flow field, perhaps resulting from meanders and eddies in the NBC. The
persistence and strength of the along-shelf flow on the outer shelf supports the notion that
the NBC extends onto the shelf, at least during the period of the moored observations.
The STACS current time series indicate that the flow within the NBC reached a
minimum between February and June (the period of AmasSeds moored measurements)
and reached a maximum between August and November (Fig. 2). The shipboard
observations of currents on the outer shelf during AmasSeds do not reflect this seasonal
variation. Along-shelf currents were found to be stronger during February—March and
June 1990 than in November 1991, when weak northwestward and occasionally south-
castward currents were observed. These observations may not reflect seasonal variations,
but may in fact reflect shorter-term variations of the NBC. Alternatively, they may be due
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Fig. 24.  Vertical profiles of tidally averaged velocity, salinity and gradient Richardson number {based on

hourly and tidally averaged quantities) at the Outer-Shelf anchor station OS3 during June 1990. A striking

featurc of the profiles is the broad, stratified shear layer extending from near the bottom to within 10 m of the

water surface, in which Ri =0.25. High values of Ri near the bottom are due to stratification by suspended
sediment. Upwelling is evident in the cross-shelf velocity.

to seasonal variations in the landward extent of the NBC, although there is no other
evidence in the AmasSeds observations of such variations.

Observations at the OS3 anchor station (Fig. 24) illustrate the vertical structure of the
flow and water properties beneath the plume. This station at the 40-m isobath was just
landward of the broad, gently sloping outer shelf, but the water properties beneath the
near-surface plume were similar to those throughout the outer-shelf region. Below 10-m
depth, the salinity was uniformly 36.2 psu, virtually the same as NBC water. The along-
shelf velocity was strongly sheared across this layer of uniform salinity, increasing from less
than 10 cm s~ ' near the bottom to almost 80 cm s~ ! at the base of the plume. This strong
shear was not associated with the plume, being located in the uniformly high-salinity
water. Although there was no salinity gradient in the waters beneath the plume, the
temperature gradient was strong enough to influence the stability of the shear flow.
Estimates of gradient Richardson number indicate that the flow through most of the shear
zone was very close to the theoretical stability threshold of 0.25. A similar result is
obtained by calculating Ri from the moored observations at the mid-shelf site M2, The
shear and temperature stratification between 30 and 54 m depth lead to near-critical
Richardson numbers (Ri = 0.25 & 50%) for more than half of the 60-day record (Fig. 25).
‘Thus, marginal stability was a persistent characteristic of the outer-shelf flow.
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Fig. 25.  Gradient Richardson number Ri calculated between 30- and 54-m depth at the mid-shelf M2 mooring.
During a large fraction of the record Ri = 0.25, indicating marginally stable conditions.

The uniform distribution of Ri at its critical value is characteristic of stratified boundary-
layer flows (e.g. Busingereral., 1971; Trowbridge, 1992). The flow is apparently driven by
a barotropic pressure gradient, as noted previously in connection with the northwestward
motion of the plume. Based on the distribution of R, the boundary layer extends nearly to
the base of the plume (Fig. 24). This is considerably broader than the tidal boundary layer,
which is approximately 10-m thick (based on moored measurements at the mid-shelf site;
Beardsley er al., 1995). The vertical extent of the tidal boundary layer is limited by the
stratification, as well as the tidal frequency (Soulsby, 1990), whereas the boundary layer of
the mean along-shelf flow is influenced by stratification, but not by time-dependence. The
Earth’s rotation does not constrain the vertical growth of the boundary layer at this
latitude, due to the small value of the Coriolis parameter (f=1x10""s~1). However, the
Coriolis acceleration still results in Ekman veering within the boundary layer, which
causes a landward component of flow at the bottom. The anchor-station observations (Fig.
24) indicate a net landward motion near the bottom, consistent with Ekman veering. The
moored measurements at M2 also show a significant cross-shelf circulation in the mean,
with landward flow of 3-6 ¢cm s ™! between 30- and 60-m depth, and seaward flow of 7 cm
s ' at3-m depth (Lentz, 1995a}. This cross-shelf transport is due to the imbalance between
the barotropic component of cross-shelf pressure gradient on the outer shelf and the
vertically varying Coriolis acceleration of the strongly sheared along-shelf flow (e.g.
Kalkwijk and Booij, 1986).

A consequence of the landward near-bottom flow on the outer shelf is the upwelling of
relatively cold water from offshore. Gibbs (1970} attributed the upwelling to along-shelf
wind stress; these observations and the above discussion suggest that the upwelling may be
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Open Shelf Transect, May, 1990
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Fig. 20, Cross-scction of temperature along the Open-Shelf Transect obtained during the Mayv [990 shelf-wide
survey. Upwelling is evident in the upward-sloping isotherms and the inferred onshelf motion of cool water along
the bottom. beneath the thermocline. A cold anomaly of this tvpe was observed during all four cruises.

driven by Ekman transport of the along-shelf flow. Figure 26 shows a tongue of cold water
extending onto the shelf from the shelf break along the Open-Shelf Transect. during May
1990. The near-bottom temperature data at the M2 mooring also show cooling events that
are correlated with the on-shelf flow. consistent with an upwelling scenario. The mean
landward transport of bottom water results in net cooling; this tendency must be balanced
in the mean by along-shelf advection and/or vertical mixing, Rough estimates of vertical
mixing, based on an assumed mixing efficiency of 0,15 (Osborn. 1980) and stress estimates
from Cacchione cr al. (1995) and Beardsley er af. (1995). suggest that the downward heat
fux due to mixing could be comparable to the cross-shelf advective flux in the near-bottom
water. The vertical mixing does not appear to extend into the plume. however. based on
the lack of salimity variation in the sub-plume waters. The combination of upwelling and
mixing results in cooling of the water beneath the plume as it flows along the shelf. There
was a drop in temperature of 1-2°C for the sub-plume waters between the River-Mouth
and Open-Shelf Transects, during the August 1989, May 1990 and November 1991
surveys. Based on an along-shelf advective velocity of 0.8 m s~ ', along-shelf advective
cooling is commensurate with the net heat loss due to vertical mixing and upwelling of cold
water. This vertical transport of oceanic water also supplies nutrients to the upper water
column. contributing to high rates of phytoplankton production (DeMaster er al.. 1996).

CONCLUSIONS AND UNRESOLVED QUESTIONS

The physical oceanographic component of AmasSeds provides the most comprehensive
examination to date of the physical processes on the Amazon shelf. A combination of
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strong tidal currents, large riverine outflow, persistent winds and large-scale forcing of
along-shelf flow, leads to an energetic and surprisingly variable physical regime. The
strong semi-diurnal tidal currents are explained in terms of the near-resonant conditions of
the broad, shallow shelf. The tidal propagation characteristics change from a standing
wave at the Open-Shelf Transect, to a progressive wave at the River-Mouth Transect. The
tides strongly influence the structure and position of the frontal zone, due to the influence
of tide-induced mixing on stratification and cross-shelf salinity variation. During neap
tides, the frontal zone is strongly stratified and extends up to 20 km landward of its mean
position. In contrast, during spring tides the vertical stratification is reduced and the front
moves seaward. Based on estimates of gradient Richardson numbers, these variations in
frontal-zone structure appear to result from shear-induced mixing. Thick layers of fluid
mud are associated with the frontal zone, due to the effective trapping of river-derived
sediment in the frontal convergence zone. The fluid mud is of such high concentration that
it significantly increases stratification in the near-bottom water, which leads to a reduction
of turbulent mixing in the bottom boundary layer. The vertical structure of the tidal flow
suggests that the effective drag coefficient is reduced by up to an order of magnitude
relative to normal continental-shelf environments.

The Amazon plume, which extends over much of the shelf to the northwest of the river
mouth with a typical thickness of 5-10 m, shows a large amount of variation in salinity and
scaward extent, on time scales ranging from a few days to seasonal. Along-shelf wind stress
causes a large fraction of the observed plume variability, both in terms of transport and
spatial structure. When the along-shelf wind stress is northwestward, the transport of the
plume increases and the plume veers seaward as it extends along the shelf. When the
along-shelf wind stress opposes the northwestward drift of the plume, its along-shelf
transport is retarded and fresh water accumulates seaward of the river mouth. Increased
residence time gives plankton time to grow, consuming nutrients and increasing their
biomass within the plume (DeMaster et al., 1996). In addition to wind-induced plume
motion, there appears to be a northwestward mean transport of the plume, driven by a
large-scale pressure gradient on the shelf. This pressure gradient also drives a strongly
sheared, along-shelf flow beneath and seaward of the plume, over the outer shelf. The flow
is a landward extension of the North Brazil Current. The bottom Ekman transport
associated with the along-shelf flow on the outer shelf, advects relatively cold water
landward from the shelf break across the outer- and mid-shelf regions.

There are a number of important questions left unanswered after this study, due in part
to limitations of the study and to the size and complexity of the Amazon shelf.

The dynamics of the river-mouth and inner-shelf regions

Few observations of water properties and currents were obtained in the nearshore
regions of the Amazon shelf during AmasSeds, nor have previous studies provided
adequate physical oceanographic measurements in these regions, in part because of
hazardous navigation conditions. There remain significant questions about the strength
and variability of the along-shelf flow on the inner shelf and thus about its contribution to
the along-shelf flux of fresh water and sediment. Satellite imagery (Fig. 8) suggests that the
riverine outflow may sometimes extend directly over the Cabo Norte shoal, but the
evidence is very limited. One would expect that the well-mixed and energetic conditions
on the inner shelf would lead to high drag and thus weak along-shelf flow, particularly on
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the Cabo Norte shoal, but we cannot rule out the inner shelf as a potentially important
conduit of fresh water and/or sediment. Allison er al. (1995) (see also Kuehl et al., 1996)
found that nearshore transport of Amazon sediments is contributing to the progradation of
the shoreline near Cabo Cassiporé. The mechanisms by which that sediment is transported
to shore are not well understood.

Physical controls on sediment transport

The observations of extensive fluid mud layers on the Amazon sheif by Kineke and
Sternberg (1995) and the insights about trapping and transport mechanisms described in
Kineke er al. (1996) significantly advance our understanding of the sediment transport.
However, there remain a number of unresolved issues about the mechanisms of sediment
transport, particularly the along-shelf transport and the feedback between sediment
transport and the flow. Kineke er al. (1996) discuss the mechanisms of trapping in the
frontal zone, showing a strong similarity to the trapping processes occurring in estuarine
turbidity maxima. They also indicate that gravity-driven, cross-shelf flow may provide the
required cross-shelf tranport to carry sediment from the frontal zone to the foreset beds
farther seaward, where most of the accumulation occurs (Kuehl er al., 1986, 1996).
However, it is not clear how sediment is transported from the river mouth to the larger
reservoir of fluid muds near the Open-Shelf Transect. The Cabo Norte shoal is likely to
limit the northwestward advection of fluid mud, due to intense mixing and shallow water
depth. The bulk of the sediment may pass over the shoal, although probably not as fluid
mud. The along-shelf extent of the sediment deposition is probably coupled to the
hydrodynamics, although it is not obvious what mechanisms control this distribution. The
accumulation pattern within the foreset beds may be controlled by the distribution of fluid
mud within the frontal zone, although other physical factors such as the along-shelf and
across-shelf variation of bottom stress may also be important.

Another unresolved issue is the feedback between the suspended sediment and the
frontal-zone dynamics. The density anomaly of the fluid mud is great enough to have a
strong stabilizing effect on the bottom boundary layer (Trowbridge and Kincke, 1994). 1t
can also influence the baroclinic pressure gradient (Kineke er al., 1996). Thus, the
sediment may alter the dynamical balance of the frontal zone, influencing the frontal
position and structure and also the sediment trapping within the front. Whether this
feedback loop significantly affects the trapping process is an interesting topic for future
research. The role of tidal currents in the formation and maintenance of fluid muds is not
clear and the possible feedback between the bottom sediments, the tidal regime and
bottom stress is unresolved. Finaily, the role of surface gravity waves on sediment
transport is still uncertain, due in large part to the limited number of wave measurements
during AmasSeds. Kuehl et al. (1996) provide evidence that there are seasonal variations
in resuspension that mix the upper meter of the sediment; these variations may be due to
changes in wave energy, although this cannot be confirmed by existing observations.

Mixing processes

Geyer (1995) found much tide-inducing mixing within the frontal zone, but his analysis
indicates that a significant fraction of the mixing between fresh and salt water occurs
seaward of the frontal zone in the plume. The entrainment estimates of Lentz and



614 W. R. Geyer et al.

Limeburner (1995) also suggest that mixing occurs at the base of the plume. However, the
observed shears across the pycnocline are too small by at least a factor of two (except at the
landward and seaward limits of the plume) to destabilize the stratification within the
pycnocline, via shear instability. How, when and where this tremendous volume of mixing
occurs is still 2 mystery. Perhaps the accelerating flow around the Cabo Norte shoal plays
an important role or perhaps the wind stress provides an efficient mixing mechanism in the
vicinity of surface fronts.

The need for three-dimensional modeling

The simple analyses that have been described here do not do justice to the complex,
three-dimensional and time-dependent dynamics of the Amazon shelf. Further progressin
interpreting the existing data and in planning future field efforts would benefit greatly from
three-dimensional model studies. There is enough observational information from
AmasSeds, STACS and other work to provide a useful set of constraints and tests of a
model’s performance, allowing a more quantitative examination of the dynamics than has
been attempted thus far. A few model studies have been undertaken (Jewell ez al., 1993;
Paluszkiewicz, 1993), but they have not fully exploited the AmasSeds data, nor have they
investigated in detail the physical processes on the shelf. Questions related to the inner-
shelf dynamics, frontal-zone mixing, wind-driven motions and shelf-wide barotropic
currents are all amenable to three-dimensional model simulation. Particular attention
should be placed on the choice of turbulence closure, due to the strong influence of salt,
temperature and sediment stratification on the velocity structure. A modeling approach
could also address the complex problem of sediment transport, which would, in addition to
the water-column transport, have to deal with vertical exchange between the bed, the
fluid-mud layer and the overlying water column, as well as confronting the rheology of
fluid muds. Although the data are inadequate to provide a complete set of initial or
boundary conditions for three-dimensional model simulations, there is much that could be
learned about the fluid and sediment transport processes on the Amazon shelf with 2
modeling effort that takes full advantage of the available observations.
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