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Inference of tidal elevation in shallow water using a 
vesselstowed acoustic Doppler current profiler 

Chunyan Li 
Skidaway Institute of Oceanography, Savannah, Georgia 

Arnoldo Valle-Levinson, Larry P. Atkinson, and Tom C. Royer 
Center for Coastal Physical Oceanography, Department of Ocean, Earth, and Atmospheric 
Sciences, Old Dominion University, Norfolk, Virginia 

Abstract. Vessel-towed acoustic Doppler current profilers (ADCPs) have been 
widely used to measure velocity profiles. Since the instrument is usually mounted 
on a catamaran floating on the surface, previous studies have used the water surface 
as the reference level from which the vertical coordinate for the velocity profile 
is defined. However, because of the tidal oscillation, the vertical coordinate thus 
defined is time-dependent in an Earth-coordinate system, which introduces an error 
to the estimated harmonic constants for the velocity. As a result, the total transport 
will also be in error. This is particularly a problem in shallow waters where the 
tidal elevation is relatively large. Therefore tidal elevation needs to be resolved to 
make a correct harmonic analysis for the velocity. The present study is aimed at 
resolving the tidal elevation change in shallow water using a vessel-towed ADCP. 
Semidiurnal and diurnal tidal elevations across the lower Chesapeake Bay have 
been determined using a vessel-towed ADCP. Data from four cruises ranging from 
25 to 92 hours in 1996 and 1997 are used. Water depth averaged every 30 s by the 
ADCP is studied by harmonic and statistical analysis. By selecting only the data 
within a narrow band (•- 320 m) over the planned transect, we are able to improve 
the reliability of the data. We then grid the depth data along the 16 km transect 
into 200 equal segments and use harmonic analysis to resolve the semidiurnal and 
diurnal tidal variations within each segment. We find that (1) the depth data from 
the ADCP contain both semidiurnal and diurnal signals that can be resolved, from 
which the surface elevation can be inferred, (2) the major error appears to come 
from spatial variation of the depth, (3) the semidiurnal and diurnal tidal variations 
of elevation inferred over fiat bottom topography account for almost 100% of the 
total variability, while those measurements over large bottom slopes account for a 
much lower percentage of the total variability, (4) at least 70% of the variability 
of depth can be explained by semidiurnal and diurnal tides if the bottom slope 
is smaller than 0.006, and (5) the spatial variation of both amplitude and phase 
of the elevation along the transect appears to be small with a slightly lower tidal 
amplitude at the south of the Chesapeake Bay entrance, consistent with the Coriolis 
effect. The inferred elevations from the ADCP readings are consistent with sea level 
measurements at a tide station 10 km inside the estuary. 

1. Introduction 

Vessel-towed acoustic Doppler current profilers (AD- 
CPs) have been frequently used to measure water veloc- 
ity in shallow estuaries and coastal waters [e.g., Lwiza 
et al., 1991; Valle-Levinsøn et al., 1998; Brubaker and 
Simpson, 1999]. The ADCP is usually mounted on a 

Copyright 2000 by the American Geophysical Union. 

Paper number 1999JC000191. 
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cata•naran floating on the surface and towed at one side 
of a vessel [Valle-Levinsøn et al., 1998]. Tidal velocity 
harmonics as well as the residual velocity components 
can be obtained from these measurements. An effec- 

tive method is to repeatedly sample the velocity profile 
along a transect over at least one tidal cycle. The har- 
monic constants can be resolved if multiple measure- 
ments (e.g. eight or more) are made during one tidal 
period. Since the instrument is towed on the surface, 
these studies have used the water surface as the ref- 

erence level from which the vertical coordinate for the 

velocity profile is determined. This is convenient and 

26,225 
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Figure 1. Study area and sampling transect along which the ADCP was towed by NOAA's ship 
Ferrel. The upper right graph shows the mean depth along the transect. 

no coordinate transformation in the vertical is needed. 

However, the water surface is constantly changing, be- 
cause of the tidal oscillation. The vertical coordinate is 

then time-dependent relative to a fixed bottom, which 
will introduce an error to the estimated harmonic con- 

stants for the velocity profiles. This is especially true 
over shallow water such as at the Chesapeake Bay en- 
trance, where the water is mostly shallower than 12 m 
with a maximum depth of about 30 m (Figure 1) and 
the tidal range can reach 1.5 m. Therefore tidal eleva- 
tion needs to be resolved in order to do a vertical coor- 

dinate transformation and to make a correct harmonic 

analysis for the velocity in an Earth-coordinate system. 
By resolving the tidal elevation, a "fixed" level, such as 
the mean sea level, can be clearly defined as the refer- 
ence level. An ideal situation would be (1) the vessel 
precisely follows the planned transect during each rep- 
etition, or (2) the mean water depth is constant. Under 
one of these conditions, the bottom can be used as a 
reference level with no difficulty. In reality, the water 
depth changes in space and the vessel usually traverses 
slightly different lines during different repetitions and 
does not arrive exactly at a given position. The depth 

variability due to this (often random) position shift can 
be greater than the range of the tidal elevation in the 
area, which will prevent inference of the water surface 
variation fi'om the measured depth. This could be an- 
other reason why previous studies have ignored the wa- 
ter surface elevation and have not used a fixed level as 

the reference for the vertical coordinate. 

Tidal elevation information is useful for more than 

the above discussed vertical coordinate transformation. 

An example is vertically integrated transport calcula- 
tions. The vertically integrated transport through a 
vertical section of unit width during one tidal period is 
[Phillips, 1977] 

- - + 
h h 

in which (,a,h, u, and z are the instant surface ele- 
vation, amplitude of the tide, mean water depth, hor- 
izontal velocity perpendicular to the vertical section, 
and the vertical coordinate (positive upward with the 
origin at the mean sea level), respectively. Note that 
the vertical integration of horizontal velocity in (1) has 
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been expressed by an integration from the bottom to 
the trough of the tidal wave (z = -a) and an integra- 
tion from the trough to the surface. Note also that in 
(1), u is defined to be zero where there are no particles 
(i.e., above the surface or where z • (). Many previ- 
ous studies [e.g., Ianniello, 1977] used z - 0 instead 
of z - -a for tile integration, while in reality there is 
no water above the surface [Li and Fang, 1999]. Tile 
elevation ( is defined to be zero at the mean sea level 
(z = 0). The overbar denotes a time average. The 
first term on the right-hand side of (1) is not directly 
related to the surface elevation. The second term on 

the right-hand side of (1) is obviously dependent on the 
surface elevation and is important unless the phase dif- 
ference between ( and u is 90 ø (a standing wave) or the 
mean water depth tt is much larger than tile tidal am- 
plitude a. Therefore the information concerning tide 
is essential in determining the water mass (and other 
material) transport and the doininant mechanism for 
the transport (e.g., whether the finite surface elevation 
or the advection is most important [Li and O'Donnell, 
1997]). This fact, however, has been largely ignored 
when data fi'om vessel-towed ADCPs were used to cal- 

culate the transport. The magnitude of transport due 
to the surface elevation can reach a/h [Iannicllo, 1977] 
of the total transport, which can be about 10% at the 
Chesapeake Bay entrance. Therefore in a shallow estu- 
ary a complete study should also include the estimation 
of the surface elevation. It is possible to use a local tide 
gauge close to tile study area, but the spatial variation 
of the amplitude and phase of the elevation can not be 
obtained from a single station. 

It will be shown that under certain conditions it is 

possible to infer the tide of a given region by using the 
ineasured water depth from a vessel-towed ADCP along 
a transect in shallow coastal water. Obviously, when tile 
water depth is large (-• 100 m), the variability of the wa- 
ter elevation may be less than the errors in the depth for 
the "same" position during different repetitions. Here 
we limit our study to water depths shallower than 30 
m. This work is significant in that in tidally domi- 
nated shallow waters, vessel-towed ADCPs can provide 
usetiff information not recognized before to (1) resolve 
the spatial distribution of the tidal elevation, (2) de- 
scribe the velocity in an Earth-coordinate system, (3) 
provide a complete picture of the tidal characteristics, 
that is, the phase difference between the surface eleva- 
tion and velocity at each position, which enables us to 
calculate the total transport including the effect of the 
surface elevation, and (4) complement the conventional 
water elevation measurements from nearby tide gauges 
and frotn satellite altimeters which are more appropri- 

ate for global ocean problems. In section 2, we describe 
the data. In section 3, we describe the data analysis 
methodology. The data analysis results are presented 
in section 4. We further discuss our findings and presnet 
our conclusions in section 5. 

2. Data 

Dozens of cruises have been made between Cape 
Henry and Fisherroans Island, at the entrance to tile 
Chesapeake Bay (Figure 1), to collect current veloc- 
ity data with an RD Instruments broadband 600 kHz 
ADCP using NOAA's ship Fortel [e.g., Valle-Levinson 
ctal., 1998]. This transect covers tile 4 km wide Chesa- 
peake Channel with a nlaximum depth of about 28 m; 
tile 4.5 km wide, 10 m deep, Middle Ground; the 3.5 km 
wide Six-Meters Shoal; tile 2.5 km wide North Chan- 
nel with a maximum depth of 12 m; and tile 1.5 km 
wide, 6 m deep, North Shoal (Figure 1). Both the Mid- 
dle Ground and tile Six-Meters Shoal have gentle bot- 
tom slopes, while tile Chesapeake Channel and North 
Channel have relatively large depth variations. For our 
analysis we will use four cruises with repeated occupa- 
tions of tile transect on each cruise. The four cruises 

began in September 1996 and ended in November 1997 
(Table 1). The ADCP was mounted on a catamaran 
and towed midship off the starboard side outside of 
tile ship's wake. The ship speed was maintained at 
around 2.5 m/s, and the velocity data were averaged 
and recorded at 30 s intervals, which resulted in a hor- 
izontal resolution of about 75 m. Details of the ADCP 

data collection were provided by Valle-Levinson et al. 
[1998]. The water depth was directly measured by tile 
four beams of ADCP. The mean value of the depths 
fi'oin tile four beams was used in this analysis. Accord- 
ing to RD Instruinents, the maker of the ADCP, the 
"relative error" of the depth measurement is 1% of the 
total depth. Since the maximum depth in the Chesa- 
peake Bay is about 30 m, the maxinmn• "absolute er- 
ror" of the ADCP is about 0.3 In, which is smaller than 
tile average tidal range (--• 1 m). If other errors asso- 
ciated with the observations (e.g., navigational error or 
inaccurate ship track) are small enough, then the water 
depth measured fi'om a vessel-towed ADCP in Chesa- 
peake Bay should contain a clear signal of the tidal os- 
cillation. 

The vessel towing the ADCP attempted to remain 
close to the planned transect (Figure 2). We have cho- 
sen two parallel lines about 320 m apart on the sides 
of the planned transect as the across-transect bound- 
aries within which the data are used in the subsequent 
analysis. The ship tracks were usually within the 320 m 
wide strip. Most meanderings and out-of-limit coordi- 
nates took place at the Chesapeake Channel due to ship 
traffic during the cruises, and at the ends of the tran- 
sect where the ship turned. The ship tracks over the 
Middle Ground and the Six-Meters Shoal were usually 

Table 1. Cruises 

Date Length (hour) Repetitions 
Sept. 1996 30 14 
Feb. 1997 25 13 

Sept. 1997 92 44 
Nov. 1997 72 32+ 
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Figure 2. Ship tracks of the (a) September 1996, (b) February 1997, (c) September 1997, and(d) 
November 1997 cruises. 

straight and within the boundaries (Figure 2). This 16 
km long transect across the bay entrance is divided into 
200 equal segments (or 80 m long each, which is close to 
tile horizontal spatial resolution of 75 m determined by 
the ship speed and averaging interval), and the water 
depth within each segment was then grouped to obtain 
a time series. It is assumed that the depth variation 
within each segment is on average smaller than the spa- 
tially averaged temporal variability within the same seg- 
ment. In other words, we distinguish only the temporal 
but not the spatial variability within the segment. The 
contour plots of the water depth time series (Plate 1) 
showed an apparent periodic pattern of the depth vari- 
ation, particularly over Middle Ground and Six-Meters 
Shoal where the bottom slopes were small. In contrast, 
periodicities in the Chesapeake Channel appear to be 
less obvious. There may be two reasons for the differ- 
ences: (1) the spatial variation of depth over the Chesa- 
peake Channel was large, and (2) the ship track over 
the channel was sinuous; Mthough the ship tracks were 

within the selected boundary, they were more scattered 
in position than those elsewhere. 

3. Data Analysis 

In order to analyze the data quantitatively and de- 
ternline if the data can be used to infer the surface ele- 

vation, we assume that the time-dependent total water 
depth ht within any segment can be expressed as 

M 

ht- c•o + • [•j cos(wit) + •j sin(wit)], (2) 
j=l 

in which c•j and /½j(j = 0,1,2,---,M) are harmonic 
constants, wj is the j th tidal frequency, t is time, and 
M is the total number of tidal frequencies selected. In 
matrix form, equation (2) is simply 

H = Ax, (a) 

in which H is tile depth vector composed of values mea- 
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sured at different times in a given segment along the 
transect, A is a matrix, and x is a vector of the har- 
monic constants, that is, 

H -- (hi, h2,... , hN) T (4) 

( x -- OzO, Xl,X2,''',X2M 

X2k--1 -- OZk, X2k -- /•k, 
k-- 1,2,...,M, 

where T denotes the transpose of the vector, and 

1 al,1 al,2 ß ß ß al,2M 
1 a2,1 a2,2 ß ß ß a2,2M 

A -- . . (6) 

]- aN,1 aN,2 ' ß ' aN,2M 

where N is the total nuInber of observations and 

ai,2k-1 -- cos(wkti), ai,2k -- sin(wkti), (7) 
i-- 1,2,...,N,k-- 1,2,-.-,M. 

Since equation (3) is usually ill posed or overdeter- 
mined (N >> M), we choose the least squares method 
to estimate the harmonic constants (the vector x). It 
can be readily shown that the best statistical estimate 
ofx is 

:•= (ATA)-IATH. (8) 
The error or the residual suni of squares is 

R$$- (H --A:•)T(H- A:•), (9) 

and the standard deviation (or the rms error) of the 
fitting and the coefficient of determination are, respec- 
tively, 

•/ R$$ a - 
+ 

and 

]-• HH 

in which RHH is 
2 

RHH- • h,i- h,j/N 
i=1 j=l 

(i2) 

Equatiol• (11) is the fraction of variability of the water 
depth explailied by the tidal constituents plus the mean, 
which is 1 mi•ms the unexplained variability R$$/RHH. 
In the following section we present the results of har- 
:lioliic and statistical analysis using equations (8), (10), 
al•d (11) for the water depth measured by the ADCP 
in each segment in the transect mid discuss its spatial 
variability. 

4. Results 

In our application we include the M2 semidiurnal 
(T--12.42 hours) and diurnal (T-24 hours) tidal con- 
stituents and a mean component for the total water 

depth. The mean component represents the subtidal 
contribution, invariant in time, during each period of 
observation. Since the longest record (September 1997) 
presented tiere is only 92 hours, we can not distinguish 
N2, S2, and K2 from M2, nor can we distinguish O1 
from K1, or P1. Adding N2, S•, K2, and Ox to the har- 
monic analysis only superficially improves the fits by a 
maximum of 30/0. At the majority of the positions the 
improvements are even smaller. At certain places, in- 
creasing the number of frequencies to the fits may even 
lower the quality of the fits because some of the fre- 
quencies are too close to each other. This may make 
the matrix (equation (7)) almost singular. Therefore 
the "semidiurnal tide" and "diurnal tide" tiere sliould 

be understood as M•q-S•q-K•q-N• and K•+Pi+O•, re- 
spectively. 

Figure 3 shows the measured and fitted total depth 
time series at four positions along the transect. The 
four positions were chosen at the Chesapeake Channel, 
Middle Ground, Six-Meters Shoal, and North Channel 
(Figure 1), respectively. The fits for Chesapeake Chan- 
nel and North Channel are relatively poor, while the fits 
at the Middle Ground and Six-Meters Shoal are much 

better. The Chesapeake Channel has more errors in the 
fits than does the North Channel. 

Figures 4a- 4d show the proportion of variability 
of the water depth explained by the fits, as given by 
equation (11). Figure 4e shows the bathymetry and 
the locations where R 2 > 0.7. The fits to data froIn 

__ 

the four cruises exhibit strikingly similar characteris- 
tics. The fits with R 2 _> 0.7 occur at five places: (1) the 
Iniddle of the Chesapeake Channel, (2) most of the Mid- 
dle Ground, (3) the Six-Meters Shoal, (4) the middle of 
the North Chinreel, and (5) the North Shoal. The best 
fits appear at the Six-Meters Shoal, where R 2 reaches 
allnost 1 for September 1996, followed by those for Feb- 
ruary 1997 (0.98), Novelnber 1997 (0.95), and Septem- 
ber 1997 (0.9). The R 2 values over Middle Ground are 
above 0.9 on average, except for September 1997 (0.87). 
In the deepest part of the Chesapeake Channel, the R 2 
value reaches 0.97, 0.88, 0.78, and 0.90 for September 
1996, February 1997, September 1997, and November 
1997, respectively. The R 2 value over the middle of 
the North Channel is even higher than those from the 
Chesapeake Chm•nel. The fits with R 2 _< 0.4 occur 
n•ai•ly over the edges of the two channels. In addition, 
the //2 values between Middle Ground and Six-Meters 
Shoal are smaller than adjacent positions, particularly 
during September 1997 (Figure 4c). 

The semidiurnal and diurnal tidal amplitude of the 
telnporal variation of the total depth or, equivalently, 
the surface elevation, and the standard deviation of the 
fits are shown in Figures 4f- 4i. Figure 4j is identi- 
cal to Figtire 4e. The along-transect variation of the 
tidal amplitude is small where R 2 _> 0.7. Therefore 
the large variations of the semidiurnal and diurnal tidal 
amplitudes at the edges of the Chesapeake Channel, 
North Channel, and between the Middle Ground and 
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Figure 3. Measured (crosses) and fitted (lines) tidal variation of depth. The first, second, 
third, and last rows correspond to the September 1996, February 1997, September 1997, and 
November 1997 cruises, respectively. The left to the right columns correspond to positions in the 
Chesapeake Channel (CC), Middle Ground (MG), Six-Meters Shoal (SMS), and North Channel 
(NC), respectively. 

Six-Meters Shoal are likely due to errors of the fits. 
These large variations also correspond to areas of large 
standard deviations and where R 2 < 0.7 (Figures 4f- 
4i). Excluding those results with R 2 < 0.7, however, 
we still observe some consistent patterns of the spatial 
variation of amplitude and phase: 

1. The semidiurnal tidal amplitude appears to have 
a slightly higher value over the North Shoal than that 
over tile Chesapeake Channel. The phase difference be- 
tween tile elevation and velocity at the Chesapeake Bay 

entrance is about 20 ø [Browne and Fisher, 1988], indi- 
cating that the tidal wave is roughly progressive there. 
Theoretically, a progressive Kelvin wave would produce 
an amplitude difference of about 13% across a 10 m 
deep 16 km long elltrance at 37øN. 

2. Some small-scale variations in amplitude (Figures 
4f- 4i) may indicate some topographically trapped tidal 
waves. However, we may need more accurate observa- 
tions to investigate this issue further. 

3. The semidiurnal tidal variation of the depth (max- 
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Figure 4. Results of harmonic analysis of depth along tile transect for September 1996 (Fig- 
ures 4a and 4f), February 1997 (Figures 4b and 4g), September 1997 (Figures 4c and 4h), and 
November 1997 (Figures 4d and 4i). Figures 4a-4d show R 2, the proportion of variability of 
depth explained by the fitting. Tile crosses and triangles represent points where R 2 _> 70% and 
R 2 < 70%, respectively. Figures 4f-4i show tile semidiurnal amplitude (with crosses and triangles 
corresponding to R 2 >_ 70% and R 2 < 70%, respectively), diurnal tidal amplitude (dotted line), 
and the standard deviation (dashed line), all in meters. Figures 4e and 4j are identical and show 
tile along-transect bathymetry and tile positions wilere the fit explains 70% or more of tile depth 
variation, denoted by the wide ticks at tile surface. 

imu•n 0.7 m) is dominant over the diurnal tidal varia- 
tion, particularly during September 1996 and February 
1997, when the diurnal amplitude was smaller than 0.1 
II1. 

4. Tile standard deviations over Middle Ground and 

Six-Meters Shoal are uniformly small (< 0.1 m for the 

most part). Tile diurnal tidal amplitude has a •nagni- 
rude comparable to the standard deviation but never- 
tileless improves tile fits by at least 10% at some loca- 
tions. 

In general, the better fits for September 1996 and 
February 1997 are due to the fact that these two records 
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Results of harmonic analysis of depth along the transect (continued). Figure 5. Similar to 
Figure 4, except that here Figures 5a-5d show the phase (in degrees) of the semidiurnal tide and 
Figures 5f-5i show the phase of the diurnal tide (in degrees). 

cover only two semidiurnal tidal cycles. Figure 4 also 
shows that where the fits are good (R 2 _< 0.7), there 
is a noticeable difference in mean semidiurnal tidal am- 

plitude fi'om cruise to cruise. This is apparently the 
spring-neap variation. 

Figure 5 shows the semidiurnal tidal phase (Figures 
5a- 5d) and the diurnal tidal phase (Figures 5f- 5i) 
for the four cruises. Excluding the area where R 2 < 0.7 
and with a few exceptions, the semidiurnal tidal phase 
is almost uniform along the transect with only a few 
degrees of variability. This is in contrast to the semi- 

diurnal phase variation of tidal velocity along the same 
transect [Valle-Levinson et al., 1998], which can reach 
up to 90 ø (3 hours). The difference is apparently due 
to the fact that most estuaries are elongated and any 
surface gradient will produce a restoring force of grav- 
ity to render the surface fiat by way of dissipative sur- 
face waves. Li [1996] explained that phenomenon by a 
scaling analysis. Li [1996] and Li and Valle-Levinson 
[1999] further discussed it and presented some analytic 
solutions which showed large velocity gradients when 
the across-channel surface elevation had negligible spa- 
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Figure 6. (a) The R 2 in relation to the magnitude of 
the bottom slope. The crosses are from ADCP, and the 
solid line is the fit of these data points to a third-order 
polynomial. (b) Percentage of segments with R 2 _> 0.7 
as a function of the number of segments along the tran- 
sect. 

The observations (the crosses in Figure 6a) are fitted 
to a third order polynomial (the solid line in Figure 6a, 
•2 _ a -Jr-als -Jr-a2 s2 q-a3s3), which shows a decrease of 
R 2 as the bottom slope increases. The large scatter of 
data points in Figure 6a suggests that there should be 
other factors, in addition to bottom slope, that affect 
the quality of the harlnonic analysis. The ship speed 
is among these factors' For the same bottom slope, 
different ship speed may result in a different range of 
measured depths for the same time period. During the 
observations the ship speed fluctuated between 1 and 
3.5 m/s. About 88% of the time the ship speed was 
between 1 and 3 m/s. Only 66% of the time was the 
ship speed above 2 m/s. In addition, the depth vari- 
ation across the tz'ansect (10•/0•l)may also affect the 
result. Even though the harmonic analysis of depth can 
be very different in statistical characteristics at different 
positions, our analyses show that about 66%, 56%, and 
37% of the observations yield an R 2 larger than 0.7, 0.8, 
and 0.9, respectively. It can be seen from Figure 6 that 
R2=0.7 corresponds to a mean bottom slope of about 
0.006. Of the total length of the transect, 71% has a 
bottom slope smaller than 0.006. Therefore, excluding 
the observations over large bottom slopes or those with 
small R 2 values, about 60-70% of the measured depth 
by the ADCP during the four cruises presented here 
can be used to reliably infer the tidal elevation along 
the transect. The bathymetry of the Chesapeake Bay 
entrance is typical of many shallow (h _< 30 m) estuaries 
with both relatively fiat shoals and large slope over rel- 
atively deep channels. Tile method presented here can 
thus be a useful tool for the study of tides and transport 
in such shallow estuaries. 

tial variations. Again, in Figure 5 the positions with 
large variations of phase coincided with small R 2 and 
are probably due to errors associated with large bot- 
tom slopes. The diurnal tidal phase of tile depth (Fig- 
ures 5f - 5i) is more randomly distributed, especially 
for Septeinber 1996 and February 1997, which is con- 
sistent with tl•e near-zero diurnal tidal amplitude for 
these two cryrises (Figures 4f and 4g). In contrast, the 
di•rnal phase for September 1997 and November 1997 
exhibits smaller variation wl•ere R 2 >_ 0.7, consistent 
with the larger diurnal tidal amplitude for these two 
cruises (Fig•res 4h 4i). 

5. Discussion and Conclusions 

5.1. Bottom Slope Versus R 2 

Tile results suggest that tl•e statistical characteris- 
tics of the tmrmonic analysis of the depth variation are 
position-dependent. Particularly, the larger the bot- 
tom slope is, the worse the ht appears to be. This 
can be better visualized by a plot of the R 2 values 
against the magnitude of the bottoln slope 
(Figuz'e 6a) in which y is the along-transect distance. 

5.2. Effect of Segment Size 

The segment (or grid) size may affect the quality of 
the harmonic analysis. Since the horizontal resolution 
of the observations is about 75 m on average (2.5 m/s x 
30 s), the total number of segments dividing the transect 
ca• •ot be much smaller or greater than N-- 16 km / 75 
m - 210. For a small N the segment size is too big, and 
the depth range within each segme•t can be too large 
to allow a reliable detectim• of the tidal signal. For a 
large N, on the other hand, the segment size may be too 
sn•all, and there may be too many time gaps between 
obserw•tions inside a given segment. By decreasing the 
N value from 200 to 80, we found tlmt based on the 
four cruises, the perce•tage of fits with R 2 larger than 
0.7, 0.8, and 0.9 decreased from 66%, 560-/0, and 370-/o 
to 52%, 42ø-/0, and 27ø-/0, respectively. Figure 6b shows 
the percentage of segments with R 2 _> 0.7 in response 
to tl•e change of the total number of segments for the 
Septe•nber 1996 cruise alone. Calculations show that at 
arom•d N- 200, that is, when the segment size is about 
the average horizontal resolution, the fits are optimal. 
It should be pointed out, however, that the segment 
size does not affect the general characteristics of tile fits 
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Figure 7. Cmnparison with NOAA's tide gauge observations. We have chosen the ADCP 
tneasurements from Six-Meters Shoal, where the fits are optimal, to compare with the station 
data. Data are for (a) September 1996, (b) February 1997, (c) September 1997, and (d) November 
1997. Triangles are surface elevation inferred from water depth measured by the ADCP, and 
crosses are from NOAA data. The horizontal axis is time (UT) in hours from the beginning of 
the month of observations. 

(e.g., amplitude and phase of the tide or the qualitative 
relationship between the slope and R2). 

5.3. Comparison With Station Data 

To further test the reliability of this analysis, we 
now compare the present results with the NOAA's tide 
gauge observations (station 8638863) at the Chesapeake 
Bay Bridge and Tunnel (CBBT). The NOAA's tide sta- 
tion is located at 36ø58'N, 76ø6.8'W, with a mean depth 

of about 9 m, over the edge of a channel, about 10 
km west of the transect (Figure 1). The de-meaned 
observed tide from NOAA's CBBT station during the 
same time periods of the cruises is compared with that 
obtained from the ADCP measurements (Figure 7) over 
Six-Meters Shoal, where R 2 is almost 1. Both amplitude 
and phase from the ADCP are consistent with those 
from the tidal gauge. On a number of occasions, the 
ADCP results appear to have a slightly larger amplitude 
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(particularly for February 1997). The difference could 
be a result of a spatial variation in tide, considering that 
the Coriolis effect across a 16 km transect may cause a 
13% decrease of amplitude from north to south as dis- 
cussed earlier in section 4. The NOAA's CBBT station 

is further inside tile bay and has a slightly smaller tidal 
amplitude on average and is less subject to wind effect 
[Browne and Fisher, 1988]. 

5.4. Conclusions 

Ill conclusion, by a harmonic and statistical analysis 
of data from a vessel-towed ADCP, we have obtained 
semidiurnal and diurnal tidal amplitudes and phases 
along a 16 km transect across the Chesapeake Bay en- 
trance with a horizontal spatial resolution of about 80 
m. Both the amplitudes and phases exhibit only small 
variations along the transect. The slight increase of the 
semidiurnal tidal amplitude at the north end appears 
to be consistent with the Coriolis effect. Our study has 
shown that at places with bottom slopes less than 0.006 
and with an average ship speed of 2.5 m/s, tidal eleva- 
tion can be reliably calculated from a towed ADCP. 
At least 70% of the variability of tile depth can be ex- 
plained by semidiurnal and diurnal tides if the bottom 
slope is 0.006 or smaller. This provides a convenient al- 
ternative of obtaining tides ill shallow estuaries using a 
vessel-towed ADCP while velocity profiles are recorded 
at the same time. Tile spatial distribution of tidal eleva- 
tion along the transect call then be obtained with a hor- 
izontal resolution that can be achieved only by densely 
moored ADCPs. Future studies can benefit from this 

work since the tidal elevation obtained from a vessel- 

towed ADCP call be used to transform the vertical co- 

ordinate to one with a fixed reference level to minimize 

errors of tile velocity analysis. Furthermore, the spatial 
distributions of the phase difference between the eleva- 
tion and velocity and the amplitude of the elevation call 
be used to correctly estimate tile total transport to the 
second order. 
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