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Separation of Tidal and Subtidal Currents in Ship-Mounted 
Acoustic Doppler Current Profiler Observations 

JULIO CANDELA, 1 ROBERT C. BEARDSLEY, AND RICHARD LIMEBURNER 

Department oy Physical Oceanography, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 

A simple method is developed to analyze current measurements obtained from a moving plat- 
form. The need for this is motivated by the now common use of the ship-mounted acoustic Doppler 
current profiler (ADCP) to acquire absolute velocity data during an oceanographic survey of a 
given region. The full potential of this new measurement technique is severely hindered when the 
presence of high-frequency phenomena (e.g., tidal or inertial motions) prevents a clear visualiza- 
tion of the lower-frequency current structure of interest. Our analysis method is based on a spatial 
interpolation scheme, using arbitrary functions, that allows for the tidal current time variability, 
which then permits the tide-induced motions to be subtracted from the ADCP data to yield the 
subtidal current field. The method also allows nearby moored and drifter current measurements 
(if available) to be combined with the shipboard ADCP observations in a single analysis to obtain 
the best description of the tidal and subtidal currents. To illustrate this method, we present results 
from the analysis of ADCP data taken during oceanographic surveys in two different continental 
shelf regions, the East China Sea and the Amazon shelf. A 5-day conductivity-temperature-depth 
(CTD) and ADCP survey was made in the East China Sea near the mouth of the Yellow Sea 
during January 1986. There the currents were essentially baxotropic and dominated by the semid- 
iurnal tide. The ADCP-derived cotidal chart for the M2 (12.42 hours) component agrees well with 
existing charts derived empirically from sea level observations or from regional numerical models. 
The ADCP-derived steady flow is also consistent with the observed density field and indicates 
little flow in or out of the Yellow Sea and a transport of about I Sv toward the Tsushima Strait. 
Two CTD-ADCP surveys lasting 21 and 23 days were conducted over the Amazon shelf during 
March and May, 1990. Simultaneously moored current observations were also obtained at three 
locations along a cross-shelf array 200 km north of the Amazon River mouth, for a common pe- 
riod of at least 2 months (February 12 to April 13). Over the shelf, tidal and subtidal currents 
were comparable in magnitude. Our analysis indicates that the tidal currents were essentially 
baxotropic, semidiurnal, and polarized in the cross-shelf direction, increasing in magnitude toward 
the inner shelf where current values of more than 2 m/s are common. The ADCP-derived steady 
currents were aligned in the along-shelf direction and strongly influenced by the North Brazil 
Current (NBC). During both ADCP surveys, the northwestward flowing NBC was transporting 
more than 2 Sv over the shelf at depths shallower than 100 m. 

1. INTRODUCTION 

The acoustic Doppler current profiler (ADCP) combined 
with accurate navigation has revolutionized the way ocean 
currents are measured. Mounted on a ship, this instrument 
provides a quasi-continuous vertical profile of horizontal cur- 
rent along the ship's track. Ideally, this should allow one to 
determine the tidal and subtidal patterns of circulation from 
a regional survey spanning a few days. However, even if one 
is not interested in the tidal dynamics of the region but is 
interested only in the subtidal circulation, the presence of 
tidal variability in the ADCP data is unavoidable, especially 
in coastal regions where the tide can be the dominant cur- 
rent signal present. Thus the intrinsic contamination of the 
ADCP data by tidal components is a serious problem that 
can render the data useless unless an analysis method is de- 
Vised to filter out the tidal variability. The source of this 
problem is due to the spatial variation of the tidal wave, 
which does not permit a simple harmonic analysis proce- 
dure as when dealing with time series measurements taken 
at a fixed point in space. 
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To date, two basic ways to deal with this problem have 
been proposed. The first approach relies on designing the 
sampling survey in a way that permits measuring at the 
same location several times in order (1) to have enough sam- 
ples to safely average out the tide [Kosro, 1985], or (2) to 
have enough samples over a single tidal period to construct 
time series of the currents at each chosen location, so that 
a harmonic analysis may be performed on the data [Geyer 
and Signell, 1990; Lwiza and Bowers, 1990; Simpson et al., 
1990]. Unless there are more specific reasons to follow an 
intensively repetitive survey track other than to account for 
the tides, this procedure represents a very inefficient use of 
ship time. The second approach is to make use of tidal 
current predictions from either (1) a numerical model of the 
region under study [Foreman and Freeland, 1991] or (2) pre- 
vious knowledge of the region, where enough moored obser- 
vations are available, to permit a reasonable interpolation of 
the tidal currents at the ADCP observation locations along 
the ship's track [Miinchow et al., 1991]. Procedure 1 has 
had limited application so far, since its use is restricted to 
regions where the observed tidal currents are well simulated 
by an existing numerical model. Procedure 2 seems to work 
well, although it is restricted to areas where enough cur- 
rent data is available from previous work to reasonably map 
the tidal current structure in the region surveyed with the 
ADCP. Even in these latter cases, we will argue in section 4 
that combining existing data with those available from the 
ADCP survey should provide a better interpolation for the 
tidal currents than analyzing each data source separately. 
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We have investigated an alternative approach to the prob- 
lem extending previous work by Candela et al. [1990]. Our 
primary interest is in developing a method that treats a one- 
realization survey of an area in order to remove the principal 
tidal variance present in the ADCP data and properly reveal 
the subtidal circulation pattern. Rather than just a filtering 
technique, our method also gives estimates of the spatial 
structure of the principal tidal constituents for the region 
under study. We believe that an analysis approach like that 
described in section 2 is not restricted to cases where the 

tidal variability dominates, but could be also used in deep 
ocean surveys where the source of the high-frequency vari- 
ability might be principally inertial. The application of the 
method is possible as long as frequency spectra of segments 
of the survey reveal a well defined spectral gap between the 
high-frequency noise and the lower frequency signal, and as 
long as the spatial scale of the noise is not too small. Un- 
der SUch conditions, the analysis method should also provide 
some information about the spatial scales of the inertial os- 
cillations within the region surveyed. 

This paper is organized as follows. The basic analysis 
method will be described next in section 2. Section 3 de- 

scribes the application of this method to ADCP data sets 
from the East China Sea and the Amazon shelf. Current 
measurements were also made at anchor stations and with 

moorings over the Amazon shelf, and the effect of combin- 
ing these data with the ADCP data will be discussed also in 
section 3. The conclusions from this work are summarized 
in section 4. 

2. THg MmT}IOD 

When observations of currents over a few days are avail- 
able at a given location, it is always possible to represent 
them by a function of the form 

N 

.(t) = -0 + . 
i=1 

N 

= uo + y•.[b, cos(•t) + c• sin(•t)] , (1) 
i=1 

where 

ai = (bi 2 -•- ci2) 1[2 , 

Oi = arctan(C•) , 
u(t) is the time series of observed eastward current compo- 
nent at a given location and depth, u0 is its mean over the 
observation interval, and wi, ai, and 0i are the frequency, 
amplitude, and phase of the ith tidal constituent, of which 
there are N included in the representation. N depends in 
part on the length of the observations, which determines the 
resolution among possible constituents in accordance with a 
previous knowledge of the hierarchy of constituents to use in 
the region under study. A similar representation is possible 
for the north component v(t). 

This representation allows us to remove the tidal variabil- 
ity from the current records by projecting the observations 
onto (1), using a least squares requirement on the residu- 
als. This procedure is not directly applicable in the case 
where the data is also a function of the horizontal coordi- 

nates (z, y), as is the case with ship-mounted ADCP data. 

The spatial scales of this variation depend on the spatial 
structure of the tidal and subtidal flow in the particular area 
being surveyed. While perhaps larger in the deep ocean, 
these scales can be quite short, even less than a few kilome- 
ters, in some coastal regions. 

One simple solution to this problem is to allow for the 
tidal spatial variability in a representation similar to (1), 
i.e., allow a and 0 or similarly b and c in (1) to be func- 
tions of x and y. Although there are particular functions 
(the normal modes) preferred by the tidal wave in a given 
bathymetric configuration, we will attempt to approximate 
the tidal spatial structure using arbitrary interpolating func- 
tions. In general, u0 and v0 might also vary spatially over 
the surveyed region; therefore they too should be consid- 
ered functions of x and y. In this paper we will refer to the 
steady field as that part of the measurements which we con- 
sidered time invariant over the length of the observations, 
but possessing a spatial variability which we will also try to 
resolve with the aid of arbitrary spatial interpolating func- 
tions. Thus if our removal of the tidal variability from the 
subtidal component is perfect, the subtidal current field will 
consist of the mean steady field (u0 and v0) and a residual 
field caused by the unresolved subtidal temporal and spa- 
tim variability. The representativehess of the steady current 
component and its interpretation are of course critical sci- 
entific questions which must be addressed with all available 
knowledge and physical intuition about the regional general 
circulation. 

Perhaps the simplest interpolating functions are polyno- 
mials in powers of x and y. These have been used extensively 
in geology for approximating spatial structures of geologic 
formations, and the procedure is commonly referred to as 
trend surface analysis [Davis, 1986]. Specifically, in our ap- 
plication we expand bi (and u0 and ci)in (1) as 

DP j 

j=0 k=0 

(2) 

where the values of c• are constants to be fit to the obser- 

vations, DP the degree of the polynomial, and j and k are 
integers with œ = (j - k, k). This type of polynomial is sim- 
ple and flexible to use, but for DP > 1, it tends to be badly 
behaved at the edges of the interpolating region and beyond, 
therefore preventing its use as an extrapolating function. 

A second set of commonly used interpolating functions 
are the Green function solutions of the biharmonic equa- 
tion whose general solution can be expressed as the linear 
combination [Sandwell, 1987] 

K 

b, . 
j=l 

where xi • x• and 

•b(x) =l x 12 (ln I x I-!) (4) 
is the biharmonic Green function in two dimensions. If we 

consider all the data points m in solving for the values of/• 
in (3), i:e., K = m, we obtain an interpolation practically 
indistinguishable from the common spline interpolation. In 
our case, the aim is not to fit the data exactly at every 
measurement point, but rather to minimize some measure 
of the deviations of the approximating functions to the ac- 
tual data values. This can be simply done by altering the 
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summation in (3) to reduce the number of model parame- 
ters used, or by arbitrarily specifying K locations (x 3 called 
knots) in and/or near the surveyed area, with K less than 
the total number of observations. By doing this, we end 
up with an overdetermined system of equations that can be 
solved by imposing a least squares requirement. The inter- 
polating function so obtained is a smoothed version of the 
common spline fit. Contrary to the polynomial interpola- 
tion, the biharmonic interpolation is very flexible over the 
region where data is available, but behaves smoothly every- 
where else. Some caution should be exercised when using 
biharmonic functions as basis because the resulting interpo- 
lation is dependent not only on the number (K) but also on 
the actual locations of the knots. This is more evident when 

calculating the elevation cotidal charts from the fitted tidal 
transports. Although we tried several numerical schemes to 
automatically pick the knot locations on the basis of the ini- 
tial data distribution, none were completely satisfactory, and 
eventually a good degree of experimentation was required to 
select the best knot locations to get appealing results. 

Irrespective of the basis function chosen, the system of 
equations to be solved is of the form 

Ac=d , (5) 

where A is a (rn x n) model matrix which depends on the 
basis functions chosen, with rn being the number of observa- 
tion points and n the model order, c is an n column vector of 
unknown coefficients, and d is an rn column vector contain- 
ing the measurements. (We have chosen to pose this least 
squares problem in matrix notation so that it can be readily 
coded and solved using the matrix language MATLAB.) In 
practice there will be separate systems of equations for the 
u (east) and v (north) components, both with identical A 
matrices but different c and d vectors. Formally, the so- 
lution to (7) is given by c: (Aa"A)-•A•'d; however, the 
explicit calculation of Aa"A and its inverse might lead to 
large inaccuracies due to rounding errors. 

A numerically more stable procedure to solve (7) is by first 
calculating the singular value decomposition (SVD) factor- 
ization of the matrix A [Forsythe et al., 1977], i.e., 

A=UV , 

where U and V are (rn x rn) and (n x n) orthogonal matrices 
respectively and • is a (rn x n) diagonal matrix contain- 
ing the singular values, i.e., the positive square roots of the 
eigenvalues of the product A TA. 

This method has the additional advantage of permitting 
the elimination of near singularities in A. These might ap- 
pear if the basis functions used are linearly dependent at 
the data points, resulting in linear dependent columns in 
A. It turns out that the singular values (a) are nonzero if 
and only if the basis functions are linearly independent at 
the data points, therefore an appropriate condition number 
for A is given by (O'max/O'min), i.e., the ratio of the largest 
to the smallest singular values. Since the condition number 
is an error magnification factor, in ill-conditioned cases, the 
elimination of all ai < •, where • is an error tolerance value, 
gives a more reliable determination of c although with a pos- 
sible increase in the size of the residuals. Usually, the error 
tolerance • is chosen to reflect the rounding error expected 
in the computations and is given by • = rneam•x, where 
e is the machine epsilon (2 -• in our case). This value of 
• is strictly valid for exact data, which in oceanography is 

never the case. It could be argued that in practical situa- 
tions a larger value for g, somewhat related to the actual 
data accuracy, would be more appropriate. However, our 
practical recommendation is that irrespective of the value 
of g, the condition number for A should always be kept 
reasonably small, say less than 104, by either rescaling the 
independent variables, reducing the model order, or choos- 
ing a completely different set of basis functions. For all the 
examples treated in this paper, the highest matrix condi- 
tion encounter was 2 x 10 a and singular value editing was 
never used. Thus from a statistical point of view, all the 
results shown here are the natural solution of the system of 
equations posed. 

Specifically the solution procedure is straightforward, 
with the least squares approximation of c given by 

• = VXI -• U Td , (7) 

where •-a is the pseudo-inverse of the matrix •, i.e., a 
(rn x n) diagonal matrix whose elements are those of • to 
the -1 power (for details see Lawson and Hanson [1974, 
chap. 7]). For the determination of error estimates in the 
model, it is important to calculate the covariance matrix 
of the coefficients •, in the formal solution expressed by 
(Aa"A) -a, but in our case given by 

c = vl:-v , (s) 

where •-• = (•T•)-a. Once • is determined, the prod- 
A A 

net A• = d gives the model estimate d which represents 
the projection of the data onto the space expanded by the 
columns of A. The corresponding misfit or residual is then 
e = d-•, with variance t9 = eTe/(m -- n). To obtain an un- 
biased variance estimate, it is necessary to calculate the true 
degrees of freedom (v) of the measurements. This brings up 
the need to know the spatial and temporal decorrelation 
scales in the measurements, which, with just one realization 
survey of an area, are not resolved. The best we can do is to 
integrate the autocorrelation function of the observations d, 
taking them as if only time dependent, to obtain the degree 
of independence among points in the data set at hand. Even 
so, these decorrelation scales only make sense for the subti- 
dal variability, since for a narrow-band process such as the 
tides, the autocorrelation function is periodic. Supposing 
that this measure of the degree of statistical independence 
in the ADCP data is reasonable, the true number of degrees 
of freedom is given by • = (mAt/r) -- n, where r is the 
integral of the autocorrelation function of the derided ob- 
servations and At the time averaging interval chosen. This 
lead..s to an unbiased variance estimate for the model given 
by 0 = e T 

If d is assumed a random variable •ormally distributed 
about a true value dt with variance 0, the coefficients in 
• will also be normal random variables with variance 0e = 
0 where dig(½) is vector containing the 
elements in C, i.e., the autocovariances of the coefficients. 
Accordingly, estimates in d are also normally distributed 
about a true value with a variance 

0• = • diag(ACA •') . (9) 
We can use this latterexpression to compute standard de- 
viation estimates for d; however, extending our statistical 
analysis a bit further, we notice that for a normally dis- 
tributed d, the ratio d/ has a "Student's t" distribu- 
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tion with p d•egrees of freedom. This permits us to supply 
the estimate d with appropriate confidence limits to the de- 
sired percentage. 

Before the applications are shown, some thought has to be 
given to the actual construction of the model matrix A. Al- 
though there is a finite number of tidal constituents that can 
potentially be resolved from a data set spanning a specific 
length of time [Godin, 1972], the degree of the polynomials 
(DP) in (2) or the number of chosen knots (K) in (3)is 
arbitrary for each of the resolvable tidal constituents as well 
as for the steady part of the representation. Thus the hum- 

new features explained by the model are as apt to be noise 
or signal and the analysis is not improved. Unfortunately, 
if the model consists of more than one component, the out- 
come of the F test, when searching for the significance of 
increasing the order, depends on the search path followed. 
Therefore the optimal model order can not be found by an 
automatic procedure, and the search path has to be prespec- 
ified according to prior knowledge of the relative importance 
of the components constituting the model m•trix in relation 
to the data. In our application we found the F test useful for 
setting objective upper limits for the model order; however, 

ber of possible combinations of components and term orders its results tended to be overoptimistic at times, pushing the 
entering the construction of A is quite large. It is therefore order to the limit where the model started to misbehave. 
helpful to use any prior knowledge of the region under study Therefore the F test is a useful guide for setting the model 
and also to conduct some experimental trials. Once the order, but its results should be critically examined. 
number of components appropriate to the given data set has 
been agreed upon, the search for the optimal order, i.e., DP 3. APPLICATION TO EAST CHINA SEA 
in (2) and K in (3), for each of the terms can be guided by a AND AMAZON SHELF DATA SETS 
statistical F test. The F test, which is robust even for data 
not perfectly normally distributed, is based on the variance 3.1. The East China Sea 
ratio[(SSMp+•-SSMp)/(dnp+•-dnp)]/[SSRp+•/dmp+•], First we will analyze data from an ADCP and 
where SSM is the sum of squares of the model estimate conductivity-temperature-depth (CTD)survey conductedin 
(d), SSR is the sum of squares of the residual (e), dn is the East China Sea near the mouth of the Yellow Sea in Jan- 
the number of columns in A (n) for orders p -F 1 or p, and uary 1986 (Figure 1). The Yellow Sea is broad (• 500 km) 
dmp+• ---- m- np+• - 1. This ratio simply indicates that and shallow (~ 50 m average depth), and is well known 
if the model variance does not increase more rapidly than for its strong semidiurnal tidal currents and surface tides 
the residual variance as the order p is increased, then the [Choi, 1980]. The regional subtidal circulation is thought to 
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Fig. 1. Map of the East China and Yellow seas. The coordinate axes are in thousands of kilometers, i.e., 100 km 
per tick mark, with the origin (0,0) at 119øE, 30øN. Shown by dots are the main ADCP stations used in the 
analyses presented. The 129 stations are roughly I hour apart in time along the ship's track which started at the 
northwesternmost station. The data shown were collected during January 24-29, 1986. The 10-, 50-, 100-, and 
200-m isobaths are shown. The five stars indicate the locations of the knots used in the biharmonic basis functions 
representation. 
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Fig. 2. Subsection of the map in Figure 1 containing the mouth of the Yellow Sea region. The axis scaling is as in 
Figure 1, i.e., 100 km per tick mark with the origin at 119øE, 30øN. (•) Total vertically integrated ADCP data or 
total transport at the stations indicated in Figure 1. The units are square meters per second, with the scale given 
in the lower left-hand corner. (b) Fitted tidal transport to the observations in Figure 2•. The approximation is 
made by expanding the spatial variability of the semidiurnal component with a second-degree polynomial and a 
first degree for the diurnal tide. 

be much weaker than the tidal currents, which makes this a 
good region to test the performance of the method proposed 
above. The ADCP data were obtained with a 150-kHz RDI 

ADCP mounted on the R/V Thompson set up with a 4-m 
vertical bin resolution and a 3-min sampling interval. The 
ship's absolute motion was determined from bottom track- 
ing which was continuous over the part of the survey an- 
alyzed here. The accuracy of the bottom-tracking velocity 
was examined by comparison with occasional position data 
obtained with the Global Positioning System (GPS), yield- 
ing an estimated uncertainty in hourly averaged ADCP data 
of about 4-1.2% of the true velocity or 4-0.5 cm/s, whichever 
is larger (see appendix). 

To obtain smoother samples of the tidal and subtidal pro- 
cesses we are interested in measuring, we chose to define 
main data stations every hour or every 20 km, whichever 
came first along the ship's track. The 1-hour time resolution 
is the common practice in harmonic analysis of tidal time 
series. The 20-km spatial resolution was chosen after study- 
ing the cotidal charts for the region [Choi, 1980]. After these 
time and spatial resolutions were set, all of the 3-min ADCP 
profiles that fell within the domain of a given main data sta- 
tion were averaged together after elimination of those depth 
bins, in each profile, with less than 90% of the optimal acous- 
tic power return. To further simplify the analysis, the profile 
data were averaged in the vertical and multiplied by the lo- 
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Fig. 3. Contours of semimajor axis (dashed lines, in square meters per second) and phase (solid lines, in degrees 
with respect to UT) of the semidiurnal M2 transport ellipse. The analysis is based on (a) second-degree polynomial 
approximation in the spatial coordinates and (b) biharmonic basis functions using the five knots shown in Figaxre 1 
by stars. 

ca] depth to obtain estimates of transport. This procedure 
is justified because during the winter months the water col- 
umn is locally homogeneous in the region (C. Chen et al., 
Comparison of winter and summer hydrographic observa- 
tions in the Kuroshio and adjacent East China Sea during 
1986, submitted to Continental Shelf Research, 1991), and 
the individual ADCP current profiles showed little vertical 
shear. The result of this spatial and temporal averaging of 
ADCP data collected during January 24-29, 1986, defined 
the 129 stations shown in Figure 1. This survey covered 
an area roughly 300 by 500 km at the entrance to the Yel- 
low Sea and varied in depth from 30 m (at the westernmost 
stations) to 200 m (at the easternmost stations). 

For a first application of the method, we modeled the ver- 
tically integrated transports at the defined stations (see Fig- 

ure 2a) by expanding the horizontal spatial structure of the 
semidiurnal tide with second-degree polynomials and that of 
the diurnal tide and the steady transports with first-degree 
ones. The degrees of the polynomials chosen are guided by 
the F test described in section 2. For the tidal components 
we chose the Ms (28.98ø/h) and the/(• (15.04ø/h) frequen- 
cies as representative for the semidiurnal and diurnal terms 
respectively. With only 5 days of data, it is not possible to 
resolve a pure Ms or K• constituent; instead the fit tends to 
lump together all the available semidiurnal variability into 
the Ms term and all the diurnal variability into the K• term. 
While using average frequencies within each band may be 
more appropriate than using the Ms and K• frequencies, for 
the data at hand, small variations in the frequencies used do 
not make any appreciable difference in the results. Although 



C•Ei.,A ET AL.: TIDAL O. YRRFaNT SEPARATION IN SHIP-•• • DATA 775 

0.6 

0.5 

0.3 

,,,,,, 0.2 

0.1 

o.o o.• 0.2 o.• o.• 0.5 o.e 0.7 o.8 
a 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 
0.0 

; ,, / 

_ 10... 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Fig. 4. Contours of semiminor axis (dashed lines, in square meters per second) and orientation (solid lines, in 
trigonometric degrees with respect to east) of the semidiurnal Me transport ellipse. The analysis is based on 
(a) second-degree polynomial approximation in the spatial coordinates and (b) biharmonic basis functions using 
the five knots shown in Figure I by stars. 

the tide in the East China Sea is principally semidiurnal, the 
diurnal tide is not negligible (K•/M2 ~ 0.25 over the sur- 
vey region), requiring us to include a diurnal term in the fit. 
Without a diurnal term included, the residual is still •ontam- 
inated with tidal variability. Figure 2b shows the modeled 
tidal transports obtained with the polynomial expansions 
of the semidiurnal and diurnal tides. The resemblance to 

the actual observations is impressive, confirming the domi- 
nance of the current field by tidal components. Similar tidal 
patterns are obtained if biharmonic functions or Kelvin and 
Poincar6 modes are used as basis functions. The subtle dif- 

ferences,resulting from using differing basis functions are 
more evident in computing cotidal charts from the fitted 
current fields, as will be discussed below. 

To synthesize the tidal transport information, we show 
tidal transport ellipse parameters in Figures 3 and 4. 

Figure 3 shows contours of the semimajor axis and phase 
of the transport ellipse for the semidiurnal tidal component. 
The phase indicates the time of occurrence of the maxi- 
mum transport value, which refers here to the flooding tide 
according to the ellipse orientations given in Figure 4. Fig- 
ure 3a is the aPProximation usiag a second-degree polyno- 
mial; i.e., the semidiurnal part of the tidal transport vectors 
of Figures 2b and 3b is that obtained with biharmonic basis 
functions using five arbitrarily placed knots whose locations 
are indicated by the stars in Figure 1. The two approxi- 
mations are very similar, indicating a decrease in transport 
from the deeper southeastern region towards the shallower 
northwestern interior. Dividing these transport values by 
the local depth indicates an increase in the vertically aver- 
aged semidiurnal tidal currents from about 0.15 to 0.5 m/s 
as one moves from the southeast to the northwest through 
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the survey region. The phase lines show the semidiurnal 
tidal signal progressing toward the northwest, taking about 
5 hours to traverse the survey region. Figure 4 completes 
the semidiurnal tidal transport ellipse description by show- 
ing contours of its semiminor axis and the ellipse orienta- 
tion or inclination of the semimajor axis with respect to 
east. Again, Figure 4a corresponds to the approximation 
obtained by polynomials, while Figure 4b is that obtained 
with the biharmonic basis functions. Figure 4 indicates a 
slight increase in the semiminor axis towards the west and 
south, the negative sign being indicative of a clockwise rota- 
tion of the semidiurnal tidal currents over the survey region. 
The ellipse orientation, which is measured counterclockwise 
from the east, indicates that the major axis is principally 
oriented along the main channel entering the Yellow Sea at 
about 140'. 

A check on how well the tides are being fitted can be 
provided by constructing cotidal charts for elevation based 
on the fitted transports. These can be compared with ei- 
ther empirically drawn charts based on coastal and island 
sea level observations from the surrounding region or with 
charts obtained with a numerical tidal model of the area. 

Choi [1980] has used the standard Heaps barotropic numer- 
ical tidal model to predict semidiurnal and diurnal tides in 
the East China and Yellow seas. Part of Choi's elevation 

cotidal chart for M2 is shown in Figure 5: in the survey 
region the M2 surface tide propagates toward the north- 
west, with amplitude increasing toward the mouth of the 
Changjiang (Yangtze River). From our fits to the trans- 
ports, we can compute an elevation cotidal chart for Ma 
using the continuity equation 

O•l Ouh Ovh 
at = Oz + Oy ' (]o) 

where r/is the sea surface elevation, h is water depth, and 
I is time. For a tidal constituent, the time derivative in el- 
evation is lair/. Calculation of the divergence terms in (12). 
from the polynomial or biharmonic fits is straightforward. 
A derivative intrinsically acts as a high-pass filter, so even 
if the current cotidal charts compare well irrespective of the 
basis functions chosen, the elevation cotidal charts obtained 
through the application of (12) will enhance their dissimi- 
larities. 

The Ma elevation cotidal charts obtained are Shown in 
Figure 6 for both polynomial and biharmonic fits. Contours 

32øN 

119øE 124øE 

32ON 

30øN 

Fig. 5. Computed Me elevation cotidal chart from a finite- 
difference numerical model by Choi [1980]. Contours of ampli- 
tude (dashed lines, in meters) and phase (solid lines, in degrees 
with respect to UT) of elevation are given. 

of elevation amplitude show a tendency to increase in the 
southwest or south, and lines of equal phase show a clear 
propagation of the M• surface tide towards the northwest. 
Both charts in Figure 6 are qualitatively similar and also 
Compare well with Choi's results shown in Figure 5. When 
doing this comparison, one must remember that the charts 
shown are obtained from only 5 days of data and do not 
represent a pure M• tide but are merely an approximation 
to the semidiurnal tide present during the survey. Since 
the ratio of $•]M2 amplitude over the survey area is about 
0.4, our inability to separate S2 from M• with the data at 
hand should account for a large part of the discrepancies 
between Figures 5 and 6. The cotidaJ chakt deduced from 
polynomials (Figure 6a) appears a bit more artificial than 
that deduced by using the biharmonics (Figure 6b); however, 
from either chart we are able to infer the main tendencies 

in amplitude and phase displayed by the semidiurnal tide in 
the region. Comparing Figures 3 and 6, i.e., the amplitude 
and phase of the semidiurnal tidal transports and elevation 
over the survey area, the near-zero phase difference between 
transport and elevation is indicative of the progressive char- 
acter of the semidiurnal tidal wave as it sweeps northwest- 
ward across the continental shelf into the Yellow Sea. 

To investigate the effect of using basis functions which are 
closer in form to the normal mode solution of the shallow wa- 

ter equations for the region being studied, we performed sev- 
eral attempts at fitting Kelvin and Poincar• modes that can 
perfectly represent periodic motions in a semi-infinite rect- 
angular, fiat-bottomed channel [Taylor, 1920; Godin, 1965]. 
The principal mode of motion in such a channel is com- 
posed of the superposition of incident and reflected Kelvin 
waves, however, the need to satisfy the no-flow condition at 
the closed end requires the inclusion of an infinite sum of 
Poincar• waves. The Kelvin mode has zero cross-channel 

velocity everywhere. Poincar• modes have both along- and 
cross-channel velocities, and for a given channel configura- 
tion, there is a critical frequency below which all modes are 
evanescent, i.e., they decay away from the closed wall [Hen- 
dershort and Speranza, 1971]. Here we model the survey 
region as a channel 830 km wide and 100 m deep (see Fig- 
ure 7), which results in all Poincar• modes at M• frequency 
being evanescent. This means that away from the reflecting 
wall, the far-field solution consists only of the Kelvin wave 
superposition. Although the results given here correspond 
to modes without dissipation, it is straightforward to include 
a linear friction parametrization in the shallow water equa- 
tions for the idealized channel and obtain a similar modal 

representation [Rienecker and Teubner, 1980]. This, in prin- 
ciple, should give extra fitting capabilities to the modes by 
increasing their flexibility; however, for the present case, the 
inclusion of reasonable friction values in the problem did not 
improve the results in any appreciable way. 

In practice, the system of equations to solve is of the 
same form as (7), but in this case, we need to combine the 
u and v transport parts into one system of equations. The 
resulting system is complex, although some manipulations 
can always be made in order to deal only with real numbers. 
An advantage (perhaps the only one) of using these modes 
is that both transport components and sea surface eleva- 
tion have the same analytical form, which simplifies com- 
bining current and elevation information in the same analy- 
sis. Figure 7 shows the M• elevation cotidal chart obtained 
by projecting the observations onto a model consisting of 
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Fig. 6. M2 cotidal charts obtained from the transport data in Figure 2a. Corange lines (lines of equal amplitude) 
are dashed, in meters. Cotidal lines (lines of equal phase) axe solid, in degrees with respect to UT. The analysis is 
based on (a) second-degree polynomials and (b) biharmonic basis functions using the five knots shown in Figure 1 
by staxs. The frequency representative of the semidiurnal band is ~ 30ø/hour. 

a Kelvin mode (incident plus reflected waves) and the first 
six Poincar• modes of our idealized channel configuration. 
While the elevation amplitude and phase patterns have some 
similarities to those obtained with the other basis functions 

(Figure 6), there is no dramatic gain by going throug h the 
trouble of using these more dynamical basis functions in 
comparison to arbitrary functions. This lesson was learned 
long ago in the finite element approach to problems where 
functions, which are special to the problem by being the- 
oretically perfect, turn out to be practically useless in the 
approximation application [Strang, 1986]. 

.We have described above different attempts to deduce the 
spatial structure of the tidal motions over the survey region. 
Although resolving the tidal variability has an importance 
of its own, one of the main objectives of our analys!s effort 
is to reveal any subtidal flow contained in the ADCP obser- 

vations. Figure 8a shows the steady flow field deduced from 
the observations (Figure 2a) by includin g a first-degree poly- 
nomial approximation in both transport components. Fig- 
ure 8b gives the 95% confidence limits deduced using (11) 
along with the appropriate Student's t distribution values 
depending on y. The combination of these two figures in- 
dicates the presence of a steady flo TM toward the Tsushima 
Strait south of Cheju Island amounting to about I Sv, with 
essentially no transport in or out of the Yellow Sea proper. 
Care should be exercised when interpreting the steady part 
of the model, since any subtidal time variability can be in- 
terpreted erroneously as describing a particular steady cur- 
rent pattern. This is one example where there would be 
a clear advantage in having simultaneous moored observa- 
tions within the survey region. However, the main feature 
depicted by the steady transport pattern in Figure 8a, i.e., 
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Fig. 7. M2 cotidal chart approximation using a superposition of Kelvin and Poincar• modes to fit the transport 
data in Figure 2a. Amplitude (dashed lines, in meters) and phase (solid lines, in degrees with respect to UT) 
obtained using incident and reflected Kelvin waves and the first six Poincar• modes at the M2 tidal frequency. 
The outline of the rectangular semi-infinite sea (830 km wide by 100 m deep) used to get the modal structures is 
shown. 

the flow towards the Tsushima Strait appears to be reliably 
time independent over the length of the survey due to its 
positioning along the ship's track. 

Nitani [1972] and others have argued for the presence of 
a permanent Yellow Sea warm current originating in the 
Kuroshio and intruding northward through the East China 
Sea and along the eastern side of the Yellow Sea. Even 
though the steady transport pattern in Figure 8a does not 
indicate any such flow, the residual transport field shown 
in Figure 8c suggests a weak coherent jet flowing north- 
westward south of Cheju Island into the Yellow Sea. The 
residual field consists of the transport left after the mod- 
eled tidal and steady transports are subtracted from the ob- 
served ones, i.e., after the flows shown in Figures 2b and 8a 
are subtracted from Figure 2a, and therefore by construc- 
tion is orthogonal to both. By choosing smooth functions to 
approximate the observations, we do not allow for features 
which are small with respect to the survey area. Moreover, 
first-order polynomials (such as those used to approximate 
the steady transports) describe planes that will only resolve 
features with characteristic dimensions as those of the sur- 

vey area. Thus the residual transport field can con•ain useful 
information and should be examined. In this case, the resid- 
ual field mainly consists of unresolved tidal motions, some 
small-scale eddy activity (noise), and evidence of a weak., 
possibly jetlike flow into the Yellow Sea transporting about 
0.06 Sv (over a jet about 20 km wide with transports of 
about 3 m2/s). Clearly, additional current data is required 
to probe the existence and permanence of such small-scale 
features with any certainty. 

3.2. Amazon Shel] 

Next we will analyze data from several ADCP-CTD sur- 
veys conducted over the Amazon shelf during March and 
May 1990. The Amazon shelf (Figure 9) is quite wide 
(~ 250 km) and shallow (average depth ~ 40 m), and is 
subject to strong forcing by the Amazon River (the world's 
largest point source of freshwater discharge into the ocean), 
the semidiurnal tide, and the North Brazil Current (NBC) 
which flows northwestward over the continental margin with 
speeds UP to 1.5 m/s. The Amazon shelf is presently the fo- 
cus of A Multidisciplinary Amazon Shelf Sediment Study 
(AMASSEDS), involving U.S. and Brazilian scientists, de- 
signed to investigate physical, geological and chemical pro- 
cesses related to sediment transport through the Amazon 
dispersal system. As part of AMASSEDS, ADCP data were 
obtained during (1) two regional scale surveys (each last- 
ing 9 days and sampling along seven cross-shelf transects 
spanning a 600-km-long section of shelf in front of the Ama- 
zon River delta) and (2) several smaller-scale surveys and 
24-hour anchor stations made to study frontal processes in 
the Amazon River plume. Additional current data were ob- 
talned from moored current meters deployed at three sites 
across the shelf during the spring of 1990. Figur e 9 shows 
the main ADCP data station locations for the May 22-31 
regional survey and the m•ored current meter locations. As 
for the Yellow Sea ADCP data set, we have als0 chosen here 
to average every 20 km in space or every hour in t!me along 
the ship's track to define main ADCP data Statlons. See 
AMASSEDS Research Group [1990] for an overview of the 
AMASSEDS field program and Geyer et al. [1991] for a pre- 

Fig. 8. (a) Steady transport expanded with first-degree polynomials in east and north transport components. 
The scale is indicated in the lower left-hand corner. (b) The 95% confidence limits for the steady transport in 
Figure 8a. (c) Residual t•ansport vectors. All three figures have the same scaling factor. Note change of scale in 
t•he transpo•s ,With respect to Figure 2. 
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Fig. 9. Map of the Amazon shelf showing the survey track and 
the location of main ADCP stations during the May 1990 survey. 
Also indicated are the locations (triangles) of the three mooring 
sites. The coordinate axes are in 106 m, i.e., 100 km for every tick 
mark, with the origin at 2øS, 52øW. The 20-, 100-, and 2000-m 
isobaths are shown. 

liminary description of the physical oceanographic results 
from AMASSED$. 

The ADCP data considered here were obtained with a 
RDI ADCP mounted aboard the R/V Iselin using either a 
600-kHz or a 150-kHz transducer. Since most of the sur- 
vey area had depths less than 80 m, the 600-kHz unit was 
preferred on account of its higher vertical resolution (2-m 
depth bins as opposed to the 4-m depth bins of the 150- 
kHz unit). However, over much of the inner shelf, the 600- 
kHz unit was unable to bottom track, owing (we believe) 
to near-total absorption of the bottom track ping by the 
muddy bottom, especially in areas of fluid muds. Once the 
problem was clearly identified, we switched to the 150-kHz 
transducer, which was able to bottom track over most of 
the survey area. Some of the ADCP data without bottom 
tracking were recovered using G PS navigation. In total, the 
ADCP data available for analysis from both transducers in- 
cludes 227 hourly average values between February 28 and 
March 21, 1990 (from the "March" cruise), and 305 hourly 
average values between May 22 and June 16, 1990 (from 
the "May" cruise). Estimated uncertainty in the hourly av- 
erage ADCP data is about +2.0% of the true velocity or 
4-0.5 cm/s, whichever is larger (see appendix). As was men- 
tioned above, additional current data are available from cur- 
rent meters deployed at three mooring sites (see Figure 9): 
the M1 (inner shelf) site at 17-m depth with two current 
meters at 3 and 14 m, the M2 (midshelf) site in 60 m of 
water with three instruments at 3, 30, and 52 m, and the 
M3 (outer shelf) mooring at 100 m depth with three instru- 
ments at 33, 35, and 98 m. Current data from M1 and M2 
have a common record length of about 2 months (Febru- 
ary 12 to April 13), while the M3 instruments worked for 
about 4 months (February 10 to June 18). 
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Fig. 10. Vertically integrated transport vectors in square meters per second measured during the (a) March and 
(b) May surveys on the Amazon shefl. Data were obtained while the ship was moving and also at anchor stations. 
The scale is indicated in the upper right-hand corner of each figure. 
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Although the subtidal flow exhibits vertical shear, both 
the ADCP and the moored data indicate that the tidal vari- 

ability is essentially barotropic, so we proceed here with an 
analysis of the vertically integrated transports. Figure 10 
shows the vertically integrated transport vectors obtained 
during the March and May cruises which include the re- 
gional and small scale surveys and anchor stations. The in- 
ner and middle shelf transports are strongly polarized in the 
cross-shelf direction, while toward the outer shelf a strong 
along-shelf component appears in both surveys. This gen- 
eral description agrees well with earlier observations [Gibbs, 
1982; Curtin, 1986]. Initial trials with both polynomial and 
biharmonic basis functions for these Amazon data sets indi- 

cated that for both the steady and tidal transports the poly- 
nomials performed better, i.e., more variance was explained 
with a lower model order with polynomials than with bihar- 
monics. Therefore we will discuss here only results obtained 
with polynomials. 

First we will deal with the tidal signal. The analysis of 
the moored observations and existing sea level data shows 
that the tide over the shelf is principally semidiurnal, with 
a diurnal to semidiurnal amplitude ratio of • 0.1. This per- 
mits us to disregard the diurnal band altogether and still 
account for the main tidal variability by concentrating on 
the semidiurnal components. Within the semidiurnal band, 
the S2]Me amplitude ratio is about 0.3, implying an appre- 
ciable fortnightly modulation of the shelf tide. It is therefore 
important to include an Se term in the analysis. While the 
method allows combining all available data irrespective of 
when and how they were obtained into a single analysis, we 
will show results for two different data groupings: (1) the 
combination of all available ADCP data from both cruises, 
i.e., data shown in Figure 10, which amounts to 532 hourly 
values, and (2) the combination of all ADCP data plus all 
moored data from the three sites, amounting to 6502 hourly 
transport values. This will allow us to compare the ADCP 
and moored results when analyzed separately or in combi- 
nation. 

When only the ADCP data are considered, the resulting 
semidiurnal transport vectors, approximated with second- 
degree polynomials for Me and first-degree polynomials for 
the $2 terms, are shown in Figure 11. These are an approx- 
imation to the transports the ship would have measured if 
the motions over the shelf were just due to the semidiurnal 
tide. The modeled semidiurnal tidal transports are basi- 
cally oriented in the cross-shelf direction, decreasing from 
about 30 me/s near the shelf break (close to the 100-m iso- 
bath) to about 10 m2/s in the inner shelf region (with depths 
< 10 m). The tidal transport ellipse components for Me are 
given in Figure 12 and for Se in Figure 13. Contours of 
the Me semimajor axis indicate the decrease in transport 
onshore as noticed in Figure 11. Over most of the shelf, 
the M2 transport values are around 20 me/s. The time of 
occurrence of the maximum M2 transports is indicated by 
the phase contours given in degrees with respect to univer- 
sal time (UT). These phase lines show that the Me signal 
progresses southward along-shelf north of the Amazon delta, 
and westward across-shelf in front of the river mouth. The 

phase contour iuterval is 30* which amounts to about I hour 
time difference for the principal semidiurnal tide being de- 
scribed. The semiminor axis (Figure 12b) indicates that the 
M2 transports over the shelf are basically rectilinear, tend- 
ing to have a slight clockwise rotation toward deep water. 
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Fig. 11. Semidiurnal tidal transports obtained by simultaneously 
analyzing all available ADCP data (Figure 10). Second-degree 
polynomials for M2 and first-degree ones for Se were used to fit 
the u and v transport components. The values are in square 
meters per second with the scale given in the upper right-hand 
corner. 

The Me transport ellipse orientation confirms the cross-shelf 
nature of the semidiurnal tidal currents over the shelf. Fig- 
ure 13 shows the transport ellipse parameters for the $2 
tidal component. Over most of the shelf the Se semimajor 
axis has magnitudes of 6 me]s, increasing slightly toward the 
northeast outer shelf. The phase shows a cross-shelf prop- 
agating signal taking a little more than 2 hours to traverse 
the whole shelf. The semiminor axis (Figure 13b) indicates 
a nearly rectilinear transport over most of the shelf, with 
some ellipticity and clockwise rotation toward the western 
outer shelf. The $2 ellipse orientation, as in the case of M2, 
is also basically cross-shelf. 

Table I lists the tidal ellipse parameters for Me and $2 at 
the three mooring sites estimated by direct harmonic anal- 
ysis on the moored data (A), by analysis of all ADCP data 
(B), and by analysis of all ADCP and moored data together 
(C). Analyses B and C were done using second-degree poly- 
nomials for the steady and Me parts and first-degree poly- 
nomials for the S• term. The close agreement between the 
results of the moored and ADCP observations analyzed sep- 
arately is indicative of good consistency between the data 
sets and also between the methods used. It is interesting to 
see that the inclusion of the moored data in the analysis, 
although correcting the tidal phases near the mooring sites 
somewhat, does not cause a large change in the tidal pat- 
terns deduced. This is illustrated by the close similarities of 
Figure 12 (ADCP) and Figure 14 (ADCP and moored data). 
The comparison between the Sa patterns deduced with and 
without the mooring data, although not shown, is Mso very 
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Fig. 12. Contours of the M2 transport ellipse parameters approximated with second-degree polynomials from only 
the ADCP data available. (a) Semimajor axis (dashed lines) in square meters per second and phase (solid lines) 
in degrees with respect to UT. (b) Semiminor axis (dashed lines) in square meters per second and orientation 
(solid lines) in trigonometric degrees measured counterclockwise from east. 
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Fig. 13. Contours of the S2 transport ellipse parameters approximated with first-degree polynomials from only 
the ADCP data available. (a) Semimajor axis (dashed lines) in square meters per second and phase (sond nnes) 
in degrees with respect to UT. (b) Semimlnor axis (dashed lines) in square meters per second and orientation 
(solid lines) in trigonometric degrees measured counterclockwise from east. 
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TABLE 1. M2 and $9. Transport Ellipse Parameter Estimates at the Three Mooring Sites From 
Direct Harmonic Analysis of the Available Moored Data (A), All ADCP Data Using 

Second-Degree Polynomials for M9. and First-Degree for $2 (B), and 
Combining all ADCP and Moored Dat a and Using Second-Degree 

Polynomials for M9. and First-Degree Polynomials for $2 (C) 

M2 S• 

Data M, 
Analysis Type m2/s m2/s 

$tc•tiou MI (1.44 5) 

A moored 22.8 1.3 58 ø 30 ø 7.2 0.1 59 ø 72 ø 
B ADCP 17.4 1.7 57 ø 44 ø 6.5 0.3 55 ø 66 ø 

C ADCP + moored 21.4 1.5 59 ø 33 ø 7.7 0.4 58 ø 72 ø 

Stc•tior• Mœ (144 5) 

A moored 28.6 2.4 53 ø 26 ø 9.6 0.7 51ø 61ø 
B ADCP 24.8 0.0 51 o 39 o 7.9 -0.2 57 ø 53 ø 

C ADCP + moored 27.7 2.1 52 ø 28 ø 7.3 0.0 49 ø 55 ø 

Sic•iio• M3 (3077) 

A moored 26.1 -4.3 36 ø 6 ø 8.2 -1.6 40 ø 29 ø 
B ADCP 25.4 -10.0 51 ø 20 ø 10.8 -0.4 60 ø 41 ø 
C ADCP + moored 25.3 -4.3 36 ø 7 ø 8.4 - 1.3 41ø 32 ø 

M is the semimajor axis; rn, the semiminor axis; 8, trigonometric orientation from east; and 
œ is phase in degrees with respect to UT. The number in parentheses after the station name 
corresponds to the number of hourly values available for analysis at each mooring. 
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Fig. 14. Contours of the M2 transport ellipse parameters approximated with second-degree polynomials from the 
ADCP plus all the moored data available. (e) Semimajor axis (dashed lines) in square meters per second and 
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and orientation (solid lines) in trigonometric degrees measured counterclockwise from east. 
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close. Thus for these data sets from the Amazon shelf, the 
inclusion of moored data has improved the determination of 
the tidal ellipse parameters around the mooring sites and left 
the rest of the field essentially unaffected. Apparently once 
enough data are available to characterize a given tidal con- 
stituent at a fixed position, adding more information does 
not alter the result further provided that the two data sets 
are consistent. 

To conclude our description of the Amazon shelf tide, we 
show in Figure 15 the Me elevation cotidal chart obtained by 
applying (12) to the ellipse parameters shown in Figure 12. 
Schwiderski's [1979] analysis of the Me tide in this region in- 
dicates that at the shelf break, the Me phase should be close 
to 240 ø and the Me amplitude should increase from 0.8 to 
1.2 m from northwest to southeast. Figure 15 shows a phase 
close to 210 ø and a slight increase southward, between 1 and 
1.5 m, along the shelf break. Over the shelf, there is a rapid 
phase change in the outer shelf with nearly constant eleva- 
tion, and then an amplitude increase toward the coast with 
a smoother phase change. It is not clear what the dynamical 
reasons are for such a behavior, and although Figure 15 has 
been included here for completeness of presentation, further 
theoretical work is required to corroborate its veracity. 

Perhaps the most interesting phenomenon revealed by the 
analysis of this ADCP data set is the overwhelming influ- 
ence of the North Brazil Current over the outer shelf. Al- 

though previous work by Flagg et al. [1986] and Richardson 
and Reverdin [1987] indicated strong currents in the NBC 
over the upper slope, very few data on currents over the 
shelf proper were available prior to AMASSEDS. We used 
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Fig. 15. M2 elevation cotidal chart obtained from the ellipse 
parameters of Figure 12 and the continuity relation (12). Shown 
are contours of amplitude (dashed, in meters) and phase (solid, 
in degrees with respect to UT). 

here a second-degree polynomial to model the steady trans- 
port components in the March and May ADCP data sets, 
and show in Figures 16 and 17 the resulting steady trans- 
port patterns and the residual vectors for the two data sets. 
While the residual fields appear to contain some unresolved 
tidal and eddy motions, the steady transport is dominated 
by a strong along-shelf current which increases in magni- 
tude from southeast to northwest. Analysis of CTD data 
collected during each cruise indicates that this along-shelf 
current carries mostly water of NBC origin. Integration of 
the steady transport vectors from the shelf break (repre- 
sented by the 100-m isobath) shoreward gives values of to- 
tal northwest along-shelf transport over the shelf of about 
3.0 and 2.5 Sv for the March and May surveys, respec- 
tively. These values are an order of magnitude larger than 
the maximum river outflow during this time of year. Also, 
and more importantly, these over-the-shelf flows represent 
about 25% of the total transport (10 Sv) that the NBC 
has been predicted to carry during these months [Philander 
and Pacanowski, 1986]. Although there is some difference 
of the steady transport estimates between the March and 
May data, both cruises occur at the time when historical 
ship drift data indicate a minimum strength for the annual 
variability of the NBC [Richardson and Walsh, 1986]. Dur- 
ing the late summer and fall months, the NBC is estimated 
to carry about 30 Sv. What portion of this transport occurs 
over the shelf during these months remains an important 
question which we hope to assess with observations from 
the fourth AMASSEDS cruise in November 1991. 

4. CONCLUSIONS 

A simple method is developed to analyze ship-mounted 
ADCP data acquired during regional hydrographic surveys. 
The method is based on a spatial interpolation scheme using 
arbitrary basis functions that can be applied directly to the 
ADCP data to separate the observed currents into tidal and 
subtidal components. The method allows additional current 
data (say, from moored current meters and/or drifters) to 
be included with the ADCP data in the analysis. The for- 
malism also provides uncertainty estimates of the modeled 
tidal and subtidal components. 

We have apphed the method to ADCP data sets from 
two very different shelf regimes, the mouth of the Yellow 
Sea where tidal currents are dominant and the Amazon shelf 

where both subtidal and tidal currents are energetic. The 
results of the tidal analysis agree well with what is known 
about the semidiurnal tides in both areas, while the subtidal 
flow fields deduced from the ADCP data reveal new informa- 

tion about the regional circulation (which will be analyzed 
and discussed in more detail elsewhere). Experimentation 
with two simple basis functions (e.g., polynomials and bi- 
harmonic functions) and simple analytic representation of 
idealized regional normal modes indicates that the simplest 
functions, polynomials, work well and should be used first 
in any application. 

One strength of the proposed method is its ability to in- 
clude all available data in the analysis. Even though the 
computation of subtidal flow requires using simultaneous 
data, the tidal component analysis has no such restriction, 
and even tidal current predictions at locations within the 
survey area can be used in the analysis together with the 
ADCP data. We have conducted some experiments (not 
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discussed in this paper) in which the combination of coastal 
sea level data with the ADCP data has improved the model 
description of the tidal pattern. Knowledge of the density 
field during the survey can also be added if there is evidence 
that the subtidal flow is in geostrophic balance. The flexibil- 
ity of the proposed method allows other information to be 

readily included. C. Chen (unpublished manuscript, 1991) 
in analyzing ADCP data from short 5-day surveys in the 
Great South Channel region of the Gulf of Maine has suc- 
cessfully accounted for the effect of unresolved fortnightly 
modulation by including a time trend in the amplitude of 
the fitted M2 term. Miinchow et al. [1991] have used a model 
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b 

of an Ekman layer current profile to fit the vertical structure 
of the observed tidal currents. 

Finally, while this method was originally developed for ap- 
plication to coastal data sets where tidM currents are impor- 
tant, we believe the same or close variants of this approach 
could be used to separate high-frequency noise (e.g., inertial 
oscillations) from the subinertial flow of interest. In partic- 
ular, if time spectra from short sections of the ADCP data 
reveal a clear spectral gap, then this approach should Mlow 
separation of the subinertial signal from the high-frequency 
noise provided the latter has sufficiently large along-track 
spatial scales. Recently, Poulain [1990] has successfully ap- 
plied a complex demodulation least squares technique to 
extract inertial and/or diurnal tidal oscillations from sur- 
face drifter observations in the California Current. Although 
ADCP and drifter data represent different types of measure- 
ments, the statistical analysis procedures used for drifters 
are directly apphcable to a set of repetitive ADCP surveys 
over an area, and by the same token, the method described 
here is directly applicable to drifter data. These and simi- 
lar analysis techniques will become more useful as more and 
more simultaneous ADCP, drifter, and moored array exper- 
iments are conducted. 

APPENDIX' ESTIMATION OF ADCP UNCERTAINTY 

The following procedures were used to estimate the uncer- 
tainty in the hourly averaged ADCP current data. Both the 
East China Sea and the Amazon shelf ADCP data were ac- 

quired with bottom tracking, so that following Joyce [1989], 
the true water velocity u,, and ADGP velocity Ud are related 
by 

u,• = (1 +/?)exp i•' Ud , (A1) 

where both u,• and ud are expressed as complex vectors (e.g., 
u•, = u•, + ivy,), and a and/3 represent the alignment and 
sensitivity errors, respectively. Estimating the uncertainty 
in u,• requires estimating the uncertainty in a, /3, and 
however, this is difficult because gyro and other system er- 
rors enter into the uncertainty in ud as well as in a and/3, 
and comparison with an external absolute velocity reference 
is required to determine a and/3. For the ADCP sampling 
configurations used in both regions, averaging over approx- 
imately I hour time intervals reduced the ADCP velocity 
uncertainty due to acoustic and signal processing considera- 

TABLE A1. ADCP Calibration Error Statistics for Both East 
China Sea and Amazon Shelf Data Sets Based on 

Comparison of ADCP Bottom Track Velocities 
With GPS-Derived Velocities 

Mean s.d. s.d. Mean 

East China Sea (N = 22) 

0.463 ø 0.146 ø 0.031 o 
0.993 0.017 0.0036 

Amazon Shell (N = 28) 

2.797 ø 3.879 ø 0.720 ø 
0.956 0.087 0.016 

For the East China Sea, statistics were computed using 22 sam- 
ples varying in length from 0.2 to 2.3 hours (average sample length 
being 1.2 hours). For the Amazon shelf, statistics were computed 
using 28 samples of 1-hour length. In both cases, c• and/3 were 
computed using the basic 3-min ADCP bottom track velocities 
and GPS-derived velocities and equations (10a) and (11a) from 
Joyce [1989]. Since the mean values of c• and /3 were small in 
both cases, no corrections using (A1) were applied. 
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tions (using the manufacturer's specifications of velocity er- 
rors) to less than the manufacturer's estimate of long-term 
accuracy of -t-0.5% or 4-0.5 cm/s, so we chose to use the 
latter as the estimated uncertainty in 

To estimate c• and /3, we compared the ADCP bottom 
track velocity with the absolute ship's velocity derived from 
GPS recorded during each survey (Table A1). For the East 
China Sea survey, statistics for c• and/3 were computed using 
22 samples varying in length from 0.2 to 2.3 hours (average 
sample length was 1.2 hours). For the Amazon shelf surveys, 
statistics were computed using 28 samples of 1-hour length. 
In both cases, c• and /3 were computed using the basic 3- 
min ADCP bottom track velocities and 1-min GPS-derived 

velocities (with some smoothing for the Amazon shelf data) 
and equations (10a and 11a) from Joyce [1989]. The results 
(shown in Table A1) indicate that the statistical uncertainty 
in the mean values of c• and •5 for the East China Sea data 
set is quite small, resulting in an uncertainty in u•o due to 
c• and •5 of only 4-0.4%. This small uncertainty was due in 
large part to the high accuracy of GPS (4-3-10 m) in the 
East China Sea during the January 1986 survey. The GPS 
position accuracy was degraded to about 4-100 m during 
the 1990 Amazon shelf surveys, resulting in an increased 
(unrealistic) scatter in a and/3 and a significant increase in 
the uncertainty in the mean values of a and/3. The resulting 
uncertainty in uw due to c• and/3 is -t-2.1%. 

The combined uncertainty in u,• due to all sources was 
taken as 4-0.9% or -t-0.5 cm/s for the East China Sea data 
set and 4-2.6% or -t-0.5 cm/s for the Amazon shelf data set. 
Since the correction of the ADCP water velocity ud in (A1) 
represents a simple scaling and rotation, this operation may 
be done either before or after analysis of the ADCP data 
set. We have chosen to do the analysis discussed in sec- 
tions 2 and 3 without making any correction using A1 and 
the mean values of c• and/3. In cases where poor position- 
ing data causes extreme uncertainty in c• and /3 (as in the 
Amazon shelf data set), it may be advisable not to correct 
the ADCP data provided that the mean values of 
are small, or to use previously determined values of a and 
•5 if appropriate. Extreme uncertainties in positioning data 
should not detract from the inherent accuracy of the ADCP 
when using bottom tracking. 
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