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Semidiurnal tides observed in the western equatorial 
Pacific during the Tropical Ocean-Global Atmosphere 
Coupled Ocean-Atmosphere Response Experiment 

Ming Feng, •'• Mark A. Merrifield, • Robert Pinkel, 3 Peter Hacker, 
Albert J. Plueddemann, 4 Eric Firing, • Roger Lukas, • 
and Charles Eriksen • 

Abstract. The semidiurnal tide within a 100 km square region of the western 
equatorial Pacific centered at 1.8 ø S, 156.1ø E is examined using shipboard survey 
and mooring data collected during the Tropical Ocean Global Atmosphere Cou- 
pled Ocean-Atmosphere Response Experiment (TOGA COARE). Baroclinic and 
barotropic tidal amplitudes and phases are estimated from the survey and mooring 
observations in the upper 300 m of the 1800 m deep ocean by specifying their 
horizontal and vertical structures. The barotropic tide is assumed to have zero 
horizontal wavenumber over the domain, while a component of the baroclinic tide 
that is phase-locked to the barotropic tide is determined by a searching method 
using plane wave fits to the data. The estimated barotropic tidal current is in good 
agreement with tide models derived from TOPEX/POSEIDON observations. The 
plane wave analysis indicates a dominant mode one baroclinic wave propagating 
toward the northeast. The second vertical mode can also be detected. Given 

the phase differences between the M2 and S2 constituents in the barotropic and 
baroclinic tides, the source of the baroclinic tidal signal is determined to be about 
320 km southwest of the observing region, at a series of islands and shallow ridges. 
The cmnbined estimates of the barotropic and baroclinic tides typically account for 
only 40-60% of the observed semidiurnal band current variance in the mooring data, 
indicating the high degree of temporal and spatial variability of the baroclinic tide 
in this region. The results of this study suggest, however, that coherent barotropic 
and baroclinic tidal signals can be successfully distinguished in the deep ocean using 
shipboard survey data, even when the data are limited to the upper 300 m. 

1. Introduction 

Extensive oceanic observations were made in the west- 

ern equatorial Pacific warm pool during the Tropical 
Ocean Global Atmosphere Coupled Ocean-Atmosphere 
Response Experiment (TOGA COARE) Intensive Ob- 
serving Period (lOP) from November 1992 through Feb- 
ruary 1993. The primary purpose of this experiment 
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was to quantify air-sea interaction processes [Webster 
and Lukas, 1992]; hence the majority of the observa- 
tions were made in the upper ocean. During TOGA 
COARE, an energetic semidiurnal tide was reported 
[Picaut et al., 1995; Pinkel et al., 1997] in the Inten- 
sive Flux Array (IFA), centered at 1.75 ø S, 156øE (Fig- 
ure 1). Tidal currents of the order of 20 cm s -• in the 
upper ocean with associated vertical displacements of 
20 m in the thermocline occur during some spring tides. 
The energetics of the tide are such that high-frequency 
undular bores or solitary wave packets were observed 
to be associated with the baroclinic tidal waves [Pinkel 
et al., 1997]. To be able to assess the effects of tidal 
motions on various processes in the warm pool, we first 
seek a basic description of the dominant spatial and 
temporal patterns of the semidiurnal tide in the IFA. 

A related goal of this study is to obtain a description 
of the predictable component of the baroclinic tide in 
order to remove this variability, as well as the barotropic 
tide, from the shipboard observations. During the IOP, 
the R/VWecoma collected repeated acoustic Doppler 
current profiler (ADCP) and Seasoar observations of 
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Figure 1. The topography of the Intensive Flux Array (IFA) region. The shaded areas are 
islands. The depth contour interval is 1000 m. The heavy solid line in the upper right is the 
standard butterfly pattern of the R/V Wecoma. The positions of the Woods Hole Oceanographic 
Institution (WHOI), University of Washington (UW), and Tokai moorings and the R/V Vickers 
are also shown. The inset on the right shows the cotidal lines for the M2 (solid) and S2 (dashed) 
barotropic tide from the CRS sea level data (with 1 ø spacing). NI, NB, and SI represent New 
Ireland, New Britain, and Solomon Islands, respectively. 

the upper 300 m of the ocean along a butterfly pat- 
tern in the center of the IFA (Figure 1). The primary 
objective of this survey was to measure the tempo- 
ral evolution of the zonal and meridional gradients in 
temperature, salinity, and velocity at the center of the 
IFA [Huyer et al., 1997]. Timescales of interest range 
from days to weeks, particularly associated with west- 
erly wind bursts. Because each circuit of the butterfly 
took •1.5 days, the semidiurnal tide is aliased in the 
mixed space-time survey data. In this paper, we at- 
tempt to construct a simple tidal model in order to de- 
tide the shipboard observations so that the larger-scale, 
lower-frequency signals can be analyzed with greater 
certainty. 

At issue is whether a meaningful decomposition into 
barotropic and baroclinic components is possible using 
only upper ocean data (300 m in 1800 m total water 
depth). Here we show that repeated horizontal sam- 
pling provides a means to construct a model for the 
barotropic and baroclinic tides in the IFA. The model 
uses a wavenumber searching method and theoretical 
vertical modes for determining the baroclinic tide. The 
spatial interpolation method of Candela et al. [1992] 
is adapted. Mao [1997] extended this method to deep- 
water regimes. Our model uses linear variations in time 
and space to represent the mean field and plane waves 
for the barotropic and baroclinic tides. The barotropic 
and baroclinic tides are distinguished by wavenumber: 
the barotropic tide is assumed to have zero horizon- 
tal wavenumber, while the baroclinic tide has fixed 
(nonzero) wavenumber. The separation between baro- 
clinic modes is also based on their wavenumber differ- 

ence (Table A1), as well as their vertical structures (we 

note that the mode 1 and 2 currents are almost or- 

thogonal in the upper 300 m (Figure A1)). The model 
results are compared with the TOPEX/POSEIDON 
(T/P) barotropic tide predictions [Ray et al., 1994] 
and with moored measurements within the IFA (Fig- 
ure 1). While T/P altimetry data have led to significant 
improvements in barotropic tide models [Shurn et al., 
1997], there are few deep ocean measurements that can 
be used to verify the modeled barotropic tidal currents 
[Luyten and Storereel, 1991]. Thus the results from this 
paper give an independent verification of the T/P tide 
model in the observation region. 

In general, the baroclinic tide is more difficult to char- 
acterize than the barotropic tide owing to short horizon- 
tal scales, the partition of energy into vertical modes, 
and the strong variability of amplitude and phase on 
timescales of only a few tidal periods [Wunsch, 1975]. 
Currents can cause spatial distortions and frequency 
shifts of the baroclinic tide. The strong background 
vertical shears in the equatorial region have a signifi- 
cant effect on baroclinic wave structure [Boyd, 1989]. 
There are several examples of organized baroclinic tidal 
signals in the open ocean [Hendry, 1977; Dushaw et 
al., 1995]. For the COARE region, we seek to deter- 
mine the main source region of the baroclinic tide, to 
what degree the baroclinic tide is phase-locked to the 
barotropic tide, and how the vertical structure of the 
baroclinic tide changes in the presence of the strong 
horizontal and vertical shears associated with the equa- 
torial current system. 

In section 2, we describe briefly the barotropic tide 
determined from the T/P tide model. In section 3, 
we analyze the spatial and temporal variability of the 
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semidiurnal band from the mooring data in the IFA to 
identify the coherent signals in the semidiurnal tide. In 
section 4, the baretropic and bareclinic tides are exam- 
ined using the Wecoma survey data. Plane wave mod- 
els are presented to describe the coherent semidiurnal 
tidal signals. Model results are discussed using fits to 
the data over 3 days (temporal resolution) and 15 days 
and longer (tidal constituent resolution). The summary 
and discussion follow in section 5. 

2. Baretropic Tide in the IFA 

Luther and Wunsch [1975] used sea level observations 
from island tide gauges to derive maps for the M2, S2, 
N2, K1, and O1 tide constituents in the central Pa- 
cific Ocean including the IFA region. Cartwright et 
al. [1991] presented tidal surface elevations of all di- 
urnal and semidiurnal harmonic constituents over most 

of the world's oceans and seas from analysis of Geesat 
altimetry. Cartwright et al. [1992] presented programs 
for converting tidal elevation fields to fields of depth- 
averaged (baretropic) tidal currents, allowing predic- 
tion of currents for arbitrary position and time. A sim- 
ilar analysis was made using the T/P satellite sea level 
data, which cover the IOP period [Ray et al., 1994] 
(hereinafter referred to as the Cartwright, Ray, and 
Sanchez model or CRS model). The analysis of the 
baretropic tide in the present study makes use of the 
CRS model results. Conversely, the IOP data provide 
further verification of the CRS model results. 

From the CRS tide model, the phases of the M2 and 
S2 tides do not vary significantly over the survey do- 
main (Figure 1). The M2 and S2 tides from the CRS 
model have amplitudes of 27 cm and 22 cm and Green- 
wich epochs of 142 ø and 155 ø, respectively, at 2øS, 
156 ø E. These amplitudes are nearly double those of 
Luther and Wunsch [1975]. The phases of the M2 and 
S2 tides increase toward the west-southwest and the 

south-southwest (Figure 1), respectively, in agreement 
with Luther and Wunsch [1975]. 

The amplitude and phase of the semidiurnal baretrop- 
ic tidal velocity are also computed from the CRS data 
at 2øS, 156øE (Table 1), which are representative of 
the IFA region in general [Ray et al., 1994]. The esti- 

Table 1. Tidal amplitude and phase from the tidal 
model of Ray et al. [1994] 

u v 

Amplitude, Phase, Amplitude, Phase, 
mms -• G mms -• G 

M2 35(29) 46(48) 5(6) 239(260) 
S2 15 58 2 307 
K1 4 138 3 334 
O1 6 148 I 88 

The values in the parentheses are from $chrama and 
Ray [1994]. 

1992 1993 

Wecoma ADCP 

WHOI VMCM,ADCP 

UW PCM 

Vickers Doppler : : ; : ; : 

Tokai ADCP 

Figure 2. The instrument type and time coverage of 
current observations on the R/V Wecoma and the four 
moorings during the IOP. 

mates in parentheses for the M2 tide are from an up- 
date of Schrama and Ray [1994]. The differences be- 
tween the two estimates have not yet been resolved. 
The baretropic tidal currents at the M2 and S2 fre- 
quencies are dominated by the zonal component. The 
dominant diurnal band constituents (O1 and K1) are 
much weaker than the semidiurnal tide (Table 1). 

3. Semidiurnal Band Variability 
From Mooring Data 

The data used in this analysis include fixed position 
observations in the upper 300 m of the water column 
from three IFA moorings and the R/V Vickers which 
was on station for three legs of -•1 month duration dur- 
ing the IOP (Figure 1). The central mooring of the IFA 
was developed by the Woods Hole Oceanographic Insti- 
tution (henceforth the WHOI mooring) and deployed at 
1.75 ø S, 156øE for the duration of the IOP. The meet- 
ing was outfitted with point sensors for velocity and 
temperature in the upper 300 m of the water column 
[Plueddemann et al., 1993; Weller and Anderson, 1996]. 
A profiling current. meter (PCM) mooring [Eriksen et 
al., 1982] was deployed by the University of Washing- 
ton (henceforth the UW mooring) at the north end 
of the array, 156 ø E, 1.26 ø S, measuring current above 
195 m during the IOP. An uplooking ADCP mooring 
was deployed at 156 ø E, 2øS by Japan's Tokai univer- 
sity (henceforth the Tokai mooring), which measured 
velocity above 210 m during the IOP. A downlooking 
Doppler sonar developed by the Ocean Physics Group 
of the Scripps Institution of Oceanography was installed 
on the R/V Vickers. The Vickers was allowed to drift 
off station by -•20 km before repositioning. For simplic- 
ity, we will refer to the Vickers data as meeting data 
in later analysis. All data are time-averaged (WHOI 
and Tokai, I hour; Vickers, 2 hours) except for the UW 
meeting where instantaneous current profiles were col- 
lected at 3-hour intervals. The type of instrument and 
the sampling time length for the fixed position data are 
shown in Figure 2. 

3.1. Horizontal Currents 

A depth-averaged (from 5 to 260 m) power spectrum 
of velocity at the WHOI mooring (Figure 3) shows a 
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Figure 3. The depth-averaged power spectrum of the 
WHOI velocity. The 90% confidence interval is shown. 

prominent peak in the semidiurnal band with weaker 
peaks at the diurnal, 6-hour, and 2-day bands. Similar 
spectral characteristics are found for the current data 
at the other moorings and for the WHOI hydrographic 

data. We focus our analysis on the energetic semidiur- 
nal band, particularly at the dominant M2 and S2 tidal 
constituents. The tidal energy in the S2 constituent 
is about 40% of that in the M2 constituent from the 

spectral analysis. Given the often complicated current 
structure in this region [Eldin et al., 1994], we do not 
attempt to account for Doppler shifting effects and only 
consider the energy that falls in the nominal frequency 
bands. 

A harmonic analysis is used to represent the semi- 
diurnal band mooring currents as constituent ellipses 
[Goldin, 1972]. The tidal ellipses show that the M2 cur- 
rents are always more energetic than the S2 currents at 
each of the moorings and at all depths (Plate 1). Typ- 
ical current speeds are 4-6 cms -1 and 1-2 cms -1 for 
M2 and S2, respectively. The dominant diurnal band 
constituents (not shown) are comparable or weaker than 
the S2 amplitudes. For the M2 tide., the direction of the 
ellipse semimajor axes changes noticeably with depth. 
At 50 and 100 m, the ellipses are aligned in a northeast- 
southwest orientation at the WHOI, Tokai, and Vick- 
ers moorings, although at the UW mooring, the 100 m 
depth currents are oriented in a more east-west direc- 
tion. In the 150-250 m depth range, the orientation of 
the ellipses shifts to an east-west direction at each of 
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Plate 1. Tidal ellipses for the (left) M2 and (right) S2 constituents at 50, 100, 150, and 200 m 
depth at the four IFA moorings. The CRS barotropic model ellipse is shown in the inset 
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Plate 2. The modulus of the semidiurnal band (1.8-2.1 cpd) tidal currents at the four IFA 
moorings. The time of peak spring tides is indicated with triangles. The red triangles indicate 
spring tide when solitary wave packets were observed in the IFA. 

the moorings, in the same direction as the CRS esti- 
mate of the M2 barotropic tide. Ellipses for the S2 and 
weaker tidal constituents do not show as consistent a 

pattern with depth. The variation in orientation of the 
M2 semimajor axis with depth indicates an energetic 
baroclinic tide relative to the barotropic component. 

The ellipses depict the time-averaged tidal flow. In 
fact, the semidiurnal band current field is strongly mod- 

ulated both spatially and temporally as evidenced by an 
estimate of semidiurnal band current amplitudes (Plate 
2). Plate 2 shows the modulus of band-pass-filtered cur- 
rents (1.8-2.1 cpd), which are further smoothed using a 
low-pass filter (cutoff frequency of 0.33 cpd) to empha- 
size the envelope of the semidiurnal band currents. The 
strongest current events typically are found above 100 
m depth with peak amplitudes exceeding 115 cms -•. A 
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Figure 4. Squared coherence of the WHOI velocity (left, eastward; middle, northward) and 
(right) temperature with the CRS barotropic tide in the M2 and S2 bands. The solid lines 
indicate the 95% significance level. 

spring-neap cycle is apparent, although it is highly vari- 
able in amplitude and depth structure from one spring 
tide to the next. 

3.2. Coherent Vertical Structure 

The vertical structure of the semidiurnal tidal sig- 
nal is further characterized using data from the WHOI 
mooring which had the most complete coverage of cur- 
rent and temperature of all the IFA moorings. We seek 
to determine whether the tidal variability is coherent 
or phase-locked to the barotropic tide. We use 15-day 
segments of WHOI data in calculating the coherence. 
Following Hendry [1977], the coherence is defined as 
C2 _< •p•, >2 / < •p•p, >< •, >, where •P, for exam- 
ple, is the Fourier transform of temperature fluctuations 
at a tidal frequency, • is the transform of the barotropic 
tidal elevation from the CRS model, angle brackets indi- 
cate an ensemble average and asterisk denotes the com- 
plex conjugation. Given the temporal intermittency of 
the semidiurnal band in this region (see Plate 2), we 
treat each ensemble as statistically independent for the 
purposes of estimating significance levels. 

For the u current component, the coherence at the 
M2 frequency exceeds the 95% significance level at all 
depths with higher values at deeper depths (Figure 4). 
At the S2 frequency, the coherences also exceed the sig- 
nificance level at depths between 60 m and 120 m and 
below 160 m, although the values are generally less than 
for the M2 tide. For the v component, significant co- 
herences only occur above 150 m for the M2 tide and 
between 100 and 220 m depth for the S2 tide. We note 
that the predicted barotropic tidal current is weak in the 
meridional direction as shown in Plate 1. The large co- 
herences below 180 m between the u current component 
and the CRS tide suggest that at these depths, the tidal 
current is dominated by the barotropic tide. The mean 
epochs over this depth range of the u component are 
20 ø and 78 ø for the M2 and S2 tides [Schureman, 1958], 
compared to 46 ø and 58 ø for the CRS model (Table 1). 

The magnitudes of the coherent signal in the u compo- 
nent are larger than the CRS results. Although coher- 
ent baroclinic tidal signals are apparent in the current 
data, it is not possible to separate the barotropic and 
baroclinic tides using only the shallow mooring data. 

The coherences between temperature and the CRS 
tide are significant below 120 m depth for M2 and be- 
low 140 m for S2 (Figure 4), consistent with the first 
vertical displacement mode (Appendix A). The signifi- 
cant coherence of the deep layer temperature data indi- 
cates the phase-locked character of the baroclinic tide. 
Below 150 m, the depth-averaged epochs are 341 ø for 
the M2 band and 391 ø for the S2 band with a standard 

error of -•30 ø. The phase difference between the S2 and 
M2 tides is then -•50 ø. The epoch difference in the S2 
and M2 surface tides is ((7s2- (7M2)0=13 ø from the 
CRS results. Following Hendry [1977], (ks2 - kM2)R = 
(Gs2-GM2)- (Gs2- GM2)0, where R is the wave prop- 
agation range. The observed phase difference at depth 
can be accounted for by a mode 1 wave generated 320 
km away when we take the wavenumber difference as 
in Table A1. This encompasses the island region to the 
southwest of the IFA and northeast of New Ireland, the 
proposed generation site of the solitary waves observed 
during some spring tides [Pinkel et al., 1997]. 

We next apply a modal decomposition to the WHOI 
velocity data in daily segments [Siedler and Paul, 1991]; 
that is, we do not resolve the M2 and S2 tides but con- 
sider a single semidiurnal band centered at the M2 fre- 
quency. The first and second vertical modes (Appendix 
A) are least squares fit to the harmonic amplitudes for 
each day. The modal amplitudes of the first and second 
baroclinic modes are examined only for the v compo- 
nent, for which the barotropic currents are predicted to 
be weak (Plate 1). The amplitude of the first mode has 
a clear fortnightly modulation that corresponds to the 
barotropic tide signal in the CRS sea level (Figure 5). 
Short timescale variability is also evident in the mode 
1 amplitudes, indicating variability that is not phase- 
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Figure .5. Time series of sea surface elevation from 
the CRS semidiurnal barotropic tide (mode 0) and the 
modal variabilities of modes 1 and 2 semidiurnal baro- 
clinic tide in the v component at the WHOI mooring. 
Note that minor semidiurnal constituents are also in- 
cluded in the sea level time series so that there are tem- 

poral variations besides the spring-neap cycle. 

locked to the surface tides. Although weak in general, 
the mode 2 amplitudes are appreciable at times such as 
the peak after February 8, 1993. This mode 2 peak lags 
a mode 1 peak by 2-3 days. The computed phase ve- 

locities of the two verucal modes (Table A1) indicate a 
generation site 200-300 km away from the WHOI moor- 
ing, consistent with the value estimated from the WHOI 
temperature data. 

4. Survey Data Analysis 

High spatial resolution data were collected from the 
R/V Wecoma for three legs during the IOP (Figure 3): 
November 13 to December 2, 1992, December 18, 1992 
to January 9, 1993, and January 27 to February 15, 1993 
[Huyer et al., 1997]. The Wecoma repeated a butterfly 
pattern every 1.5 days over a 130 km x 130 km region 
with the crossover point at 1.8 ø S, 156.1 ø E. The ship- 
board measurements include ADCP velocity collected 
from -•18 to 300 m and averaged into 10 m depth bins 
and Seasoar temperature and salinity profiles from the 
surface to 250 m with a 2 m vertical resolution. All of 

the Wecoma data are hourly averaged along the ship 
track. 

4.1. Barotropic/Baroclinic Tidal Fits 

Analysis of the IFA mooring data indicates that the 
semidiurnal tide consists of comparable baroclinic and 
barotropic current amplitudes in the upper ocean and 
that a significant portion of the baroclinic tide is coher- 
ent with the barotropic tide with a dominant northeast- 
southwest current orientation. To further quantify these 
results, we examine the isopycnal and velocity survey 
data from the Wecoma. Specifically, we seek a simple 
description of the barotropic and baroclinic tides that 
can explain a significant percentage of the IFA semidiur- 
nal tidal currents in the upper ocean. Given the nea}ly 
constant phases of the M2 and S2 CRS tides over the 
IFA (Figure 1), we assume a zero horizontal wavenum- 
ber for the barotropic tide. To capture the dominant 
phase-locked component of the baroclinic tide, a series 
of plane wave fits with variable wavenumber is applied 
to the Wecoma data (Table 2). We note that the isopy- 
cnal data are dominated by the baroclinic tide, while 
the current data contain both barotropic and baroclinic 
signals. Therefore we begin by analyzing the isopycnal 
data to determine the horizontal wavenumber vector, 

Table 2. Summary of Tide Fits 

Fit Data Barotropic Baroclinic Wavenumber Mode Period 

1 isopycnal - yes search - 15-day 
2 isopycnal - yes fixed 1 15-day 
3 current yes yes fixed 0,1 15-day 
4 current removed yes fixed 1,2' 15-day 
5 current removed yes fixed 1,2' 3-day 

Fits 1-4 use data in one leg (more than 15 days) in one realization, which are called 15-day analyses in the text. Fit 
5 uses data within two butterfly circuits (•3 days) in one realization, which is called a 3-day analysis. 

*Fits 4 and 5 use u and v data in all depth with the vertical modal shapes and polarization relation as constraints. 
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and thereby the direction of propagation, of the domi- 
nant baroclinic wave (fit I in Table 2). 

The Wecoma density data are first converted to ver- 
tical displacements. To resolve the M2 and S2 tides, 
15-day or longer time segments in the three legs are an- 
alyzed. From each time segment, the spatial mean and 
linear horizontal gradients on the timescale of 3 days 
or longer are removed using plane fitting to reduce the 
subtidal energy. A plane wave model of the M2 and S2 
baroclinic tides is then fit to the resultant data: 

d(x,y,t) -- ½1 COS •M2c q- ½2 sin •M2c 

+ Ca COS •bS•c + c4 sin •bS•c 

where d is the isopycnal depth, •M2c -- C0M2t- kxM2X- 
kyM2Y, •bs2c - cos2t- kxs2X- kys2y, C0M2 and c0s2 are 
the M2 and S2 angular frequencies, k•. and k v are zonal 
and meridional wavenumbers, and cn, n=1,4, are con- 
stants to be obtained from the model-data fit. The sin- 

gular value decomposition method is used to calculate 
the constants in each depth layer [Candela et al., 1992]. 
Depth layers are treated independently so that no ver- 
tical wave structure is imposed. Results are obtained as 
wavenumbers vary from -10 to 10x 10 -2 radkm -• with 
a resolution of 0.2x 10 -2 rad km -•. 

For leg 1, maximum amplitudes of both the M2 
and S2 tides are found near the wavenumber pair (kx, 
kv)=(4,4) x10 -2 radkm -• (Figure 6) indicating propa- 
gation to the northeast with a wavelength of •110 km, 
which is consistent with a mode I wave (see Appendix 
A). We note that because higher-mode wavenumbers 
are almost integer multiples of the mode I wavenumber, 
some aliasing of high mode energy may occur. From 
a bootstrap analysis [Elton and Tibshirani, 1986], the 
90% confidence interval for the M2 tide maximum am- 

plitude at 210 m is between 3.5 and 5.3 m. If we as- 
sume that the area within the 3.5 m contour represents 
the 90% confidence interval of the mode I wavenumber, 
then there is about 30 ø uncertainty in the wave direc- 
tion (Figure 6). We find similar results for the other 
two legs. These variations in the dominant wave direc- 
tion, also discussed by Mao [1997], may be attributed 
to a number of factors (i.e., multiple source regions, 
waves from distant sources, variable background buoy- 
ancy, and current conditions). In this study, we will 
only consider the phase-locked signal in the dominant 
wave direction and treat the residual as inherently un- 
predictable. 

Assuming a constant mode I horizontal wavenumber 
((4,4)x10 -2 radkm -•) with depth (fit 2 in Table 2), 
the wave amplitudes generally increase with depth from 
about 3 m at 70 m to more than 4 m at 210 m for the 
M2 tide. The S2 tide has a similar depth structure but 
smaller amplitudes than M2 (Figure 7). Results from 
the other two legs show similar amplitude and phase 
characteristics. The phases of the M2 and S2 tides are 
vertically consistent for the three legs with mean values 
of 176 ø, 157 ø, and 179 ø for the M2 tide, 187 ø, 181 ø, and 
203 ø for the S2 tide. 

In the case of velocity, a barotropic tidal component 
is now included in the model fit. The u and v current 

data are processed in the same manner as the isopycnal 
data. The data fit is of the form 

U(X, y, t) --- C1 COS •)M2c q- C2 sin •)M2c 
q- C3 COS •)S2c q- C4 sin q5S2c 

+ c• cos •bm2a + c6 sin •bm2a 

+ c7 cos •bs2a + Cs sin •bs2a (2) 

where the barotropic tide (the terms with constants of 
cs- cs) is assumed to have zero horizontal wavenumber. 
Similar to the isopycnal analysis, the maximum baro- 
clinic tidal amplitudes of both the u and v components 
are also near the mode 1 wavenumber (not shown). Fig- 
ures 8 and 9 show amplitude and phase versus depth for 
leg 1 using a fixed mode 1 wavenumber in the northeast 
direction for the baroclinic tide at each depth (fit 3 in 
Table 2). The calculation of standard errors in each 
layer makes use of the residual variance [Uandela et al., 
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Figure 6. Amplitudes of the baroclinic tide from the 
isopycnal data analysis in the wavenumber domain for 
the (left) M2 and (right) S2 tides (fit 1). The mean 
isopycnal depths are 70, 150, and 210 m. The unit of 
the axes is 10 -2 radkm -1, and the contour interval is 
0.5 m. The amplitudes less than 2 m are not plotted. 
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Figure 8. The barotropic tidal amplitude and phase 
for the (upper) M2 and (lower) S2 tidal constituents 
calculated from the Wecoma data in leg I when fit- 
ted using zero wavenumber barotropic tides and mode 
I baroclinic tides propagating northeast (fit 3). The 
shaded areas indicate the standard errors of the esti- 
mation in each layer. The dashed lines indicate the 
estimation from the CRS tidal model (Table 1). 

1992]. A weighted inversion, which uses the standard 
errors of each layer as priori noise covariances, is applied 
to fit the vertical mode [Dushaw et al., 1995]. 

The barotropic tide has almost constant amplitude 
and phase with depth for the M2 and S2 tides in the u 
component, in agreement with the CRS estimate (Fig- 
ure 8). Similar results are found for the other legs. The 
amplitude of the barotropic tide in the v component 
(not shown here) is very small so that the phases are not 
stable. Because the barotropic and baroclinic tides are 
not orthogonal over the sample space, energy leakage 
between the barotropic and baroclinic tides is unavoid- 
able, especially in the upper 100 m where the mode 1 
velocity is largest. The results for the barotropic tides 
from the Wecoma data in Table 3 are the weighted aver- 
age from 110, to 300 m. The phase delay relative to the 
CRS results may be caused by local friction [Cartwright 
½t al., 1992]. 

In leg 1, the M2 baroclinic tidal amplitude in the 
u component is about 6 cms -1 near the surface and 
decreases sharply near 100 m depth (Figure 9). A sec- 
ond smaller peak (2 cm s -i) occurs in the 200-250 m 
depth range. For the v component, the M2 baroclinic 
tidal amplitude is also -•6 cm s -1 near the surface, but 
the amplitude decreases more linearly with depth than 
for the u component although small scale features are 
present (Figure 9). The S2 baroclinic tide has a ver- 
tical structure similar to M2 but with smaller ampli- 
tudes. The theoretical and observed mode I vertical 

structures are similar, especially when the background 
current shear is included in the mode equations (Fig- 
ure A1). It appears that the sharp vertical shear near 
100 m in the u component of the baroclinic tide results 
from the vertical advection of the mean flow (Figure 9). 
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9'0 180 

The mode 1 phases for the M2 and S2 tides are calcu- 
lated from the vertical modal fit (Figure 9). At depths 
where the tidal amplitudes are small, the phases from 
the data fit are not stable. The orientations of the semi- 

major axes of the tidal ellipses for the M2 and S2 first 
vertical modes are largely in the northeast-southwest 
direction because of the similar magnitude and phase 
between u and v (Figure 9). Note that we fit the u 
and v components separately in fit 3, that is, we do 
not impose the polarization relation between u and v. 
The isopycnal displacements of the Wecoma analysis are 
nearly 180 ø of phase with both the velocity co•nponents 
of the first vertical mode in the M2 band. This is also 

consistent with a northeast propagating wave [Levine 
and Richman, 1989; Dushaw et al., 1995]. The weaker 
signals in the S2 band are similar to the M2 results. 

The temporal variability of the baroclinic energy in 
the first two modes is examined by fitting the tidal 
structures to the data at all depths at once (i.e., with 
vertical modal shape as constraints) instead of analyz- 
ing each depth bin separately (fit 4 in Table 2). The 
CRS barotropic tide in the M2 and S2 bands is re- 
moved from the data prior to the model fit. The first 
two vertical modes are used to represent the baroclinic 
tide. The modes are normalized by their surface values 
and the polarization between the u and v components is 

Table 3. Amplitude and Phase of the Barotropic Tidal Velocity From the 15-day Analysis of the Wecoma Data 

Leg I Leg 2 Leg 3 Mean 

Amplitude, 
--1 

mm s 

Phase, Amplitude, Phase, Amplitude, Phase, Amplitude, Phase, . 
G mms -1 G mms -1 G mms -1 G 

M2 u 32 45 35 48 34 61 34 51 
v 6 103 4 169 6 266 5 179 

S2 u 11 76 18 73 19 74 16 79 
v 8 255 7 272 6 327 7 285 
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Figure 10. Time series of the barotropic tide from the 
CRS model (M2 and S2) and the modal variabilities 
of the baroclinic tide at the crossover point from the 
Wecoma data analysis for the +15-day time segments 
(fit 4). 

used so that we simultaneously calculate the amplitudes 
and phases for the u and v components, which are the 
same for a northeast propagating wave. The equation 
is the same as equation (2), except that we replace the 
barotropic wavenumber (which is zero) with the mode 
2 wavenumber. Note that the mode 2 wavenumber is 

almost double that of mode I (Table A1). All Wecoma 

current data from 20 to 300 m in each leg are used 
in one fit so that the amplitudes and phases of modes 
I and 2 are solved directly from the fit (Appendix A). 
Figure 10 shows the temporal variability of the first two 
modes of the baroclinic tide at the crossover point from 
the above analysis (Table 4), together with those of the 
CRS barotropic tide in the u component. The phases 
of both modes are consistent between the three legs. In 
leg 3, the S2 amplitude of mode I is too small (Table 4) 
to have an appreciable spring-neap beating (Figure 10). 
The mode 2 amplitude, however, is much stronger dur- 
ing leg 3 than the other two legs. In addition, we also 
include the semidiurnal band mooring data during the 
Wecoma survey time as constraints on the Wecoma data 
baroclinic tide fit. The CRS barotropic tide is first re- 
moved from the mooring data. The changes in ampli- 
tude and phase of the baroclinic tides due to the in- 
clusion of the mooring data are minimal. For example, 
the amplitudes (phases) of the mode I M2 and S2 tides 
in leg I change to 48 mms -1 (349øG) and 25 mms -• 
(0 øG) after inclusion of the mooring data. 

In fits 1-4• which use 15-day segments of data, the 
spring-neap cycle is represented through the beating of 
the M2 and S2 constituents. To capture more short- 
term temporal variability that is not represented only 
by the M2 and S2 frequencies• a 3-day fit is made to 
the Wecoma data• which is similar to fit 4 except that 
the S2 component is not included (fit 5 in Table 2). We 
focus on the modulation of the semidiurnal tide rather 

than on changes from the dominant wave direction and 
so fix the horizontal wavenumber to the northeast di- 

rection. The barotropic tide in the M2 and S2 bands 
is removed from the data prior to the model fit as in 
the fit 4. The central frequency of the semidiurnal tide 
is assumed to have the M2 frequency. The model fit is 
made over the entire depth range by assuming that the 
vertical structures are given by the first two baroclinic 
modes (Appendix A). These baroclinic mode structures 
are calculated in each 3-day time segment, i.e., changes 
in mode structure due to temporal variations in the 
background shear and stratification are taken into ac- 
count. The phase speed of the baroclinic tide is now 
a slowing varying function of time. The variable mode 
structure yields a more distinct spring-neap cycle than 
if a constant mode structure is used. The timing of the 

Table 4. Amplitude and Phase of Mode 1 and 2 Baroclinic Tidal Velocities From the 15-Day Analysis of the 
Wecoma Data 

Leg 1 Leg 2 Leg 3 

Amplitude, 
--1 

mm s 

Phase, Amplitude, Phase, Am plit u de, Phase, 
G mms -• (3 mms -1 (3 

Mode I M2 54 353 26 357 45 358 
S2 29 10 16 35 7 5 

Mode 2 M2 5 210 7 119 17 128 
S2 3 175 5 170 11 186 
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where u is the semidiurnal band-passed mooring data 
and • is the sum of barotropic tide and plane wave 
baroclinic tidal model estimate. The barotropic tide is 
specified by the CRS results. We consider four separate 
cases for the baroclinic tide: model predictions for the 
15- and 3-day time segment fits (fits 4 and 5) with and 
without the mooring data. The Tokai data are excluded 
from the mooring data used in the fit so as to provide 
an independent test of the model. The Vickers data are 
not used in the leg 3 calculations because of large and 
variable ship drifts. 

For each mooring, the model skill tends to be bet- 
ter for the 3-day analysis than the 15-day analysis (not 
shown). In general, including the mooring data in the fit 
results in a small (5-10%) increase in skill for both the 
3-day and 15-day analyses. Significant improvements 
(about 20% or more) occur above 100 m at the WHOI 
mooring (Figure 13). The model skill for the WHOI 
mooring is consistent with the amount of variance co- 
herent with the CRS surface tide (Figure 4). This sug- 
gests that at the center of the IFA, the tide model is 
accounting for much of the barotropic tide, as well as 
the phase-locked baroclinic tidal energy in the upper 
ocean. 

10/26 11/10 11/25 12/10 12/25 1/9 1/24 2/8 2/23 

1992 1993 

Figure 11. Same as Figure 10 except that the baro- 
clinic tide is for the 3-day time segment analysis (fit 5). 
The mooring data have been included to constrain the 
baroclinic tide. 

spring tide is the same as in the 15-day analysis, and 
the tidal phase is in agreement with the 15-day analysis, 
especially during the spring tide. The phase estimates 
in adjacent time segments in the 3-day analysis are in 
good agreement. 

The 3-day analysis is repeated with the mooring data 
included to determine whether this improves the data- 
model comparisons. Including the mooring data re- 
suits in slight changes to the amplitude and phase (Fig- 
ure 11). The 3-day tide model (Figure 12) reduces the 
residual variance of the Wecoma velocity data to about 
half that of the 15-day model (not shown). Including 
the mooring data does not significantly affect the resid- 
ual variance (Figure 12). 

4.2. Comparison With Mooring Data 

The predictability of the tide in the IFA is quanti- 
fied by skill of the barotropic plus plane-wave baroclinic 
model fits in describing the tidal-band velocity observed 
at the IFA moorings. The skill, or measure of the per- 
centage of variance explained, is specified by 
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Figure 12. Variance of the Wecoma velocity data re- 
duced by the tidal model for the 3-day time segment 
analysis (a) without and (b) with mooring constraints. 
The variances are vertical mean weighted by the mode 
I structure. 
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The model skill is lower in general at the UW moor- 
ing than at the WHOI mooring, particularly in the u 
component where the skill is lower than the squared co- 
herence between the observed UW current and the CRS 

model (by 5-10%; comparing Figures 13 and 14). Pre- 
sumably, this is due in part to the tendency for the We- 
coma data fit to represent the phase of the waves in the 
central region rather than at the outskirts. In general, 
the model skill seems to be sensitive to small changes in 
the specified tidal phases. Also the water depth at the 
UW mooring is more than 2000 m, about 300 m deeper 
than the WHOI site, so that there may be amplitude 
changes in the barotropic tides. A recent study based 
on the T/P along track measurements suggests that the 
northeastward propagating baroclinic tidal signals are 
less coherent north of 1.5øS in this region (L. Gour- 
deau, Internal tides observed at 2 ø S-156øE by in situ 

and TOPEX/POSEIDON data during COARE, sub- 
mitted to Journal of Geophysical Research, 1997). The 
skill for the Vickers currents is good for legs I and 2. 
A decrease in skill for leg 3 may be due to the larger 
drift of the Vickers off station during this leg. The skill 
for the Tokai currents is near 60% in the surface layer 
v component while slightly lower in the u component. 
Note that we do not use the Tokai data in the model 
constraint. 

Comparison of the 3-day model and observed cur- 
rent time series is made for the WHOI mooring at 52.5 
m depth (Figure 15), where the skills are lnoderate. 
During the spring tide centered at day 331, the agree- 
ment in amplitude and phase is good for the u com- 
ponent, whereas the model v current has about I hour 
phase 'shift. For the v component, the agreement be- 
tween model and observation is particularly poor near 
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Plate 3. (a) The modulus of the semidiurnal band advective component of the tidal current 
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semidiurnal band u current (solid) and the advective component ua. (c) Same as Plate 3b, except 
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Figure 14. Squared coherence between the UW moor- 
ing current and the CRS barotropic tide. 

the neap tide, days 320 and 336, when the observed cur- 
rent is much more energetic than predicted. From these 
comparisons, it appears that the 3-day model still does 
not capture all tide energy, some of which may relate to 
variable propagation direction and higher modes. Sim- 
ilar mismatches are found for the 15-day model. 

A comparison of the observed and 3-day model time 
series at UW 60 m depth (Figure 16) shows that, the 
model greatly overpredicts the u current during the 
spring tide at day 328-330, thus resulting in low skill. 
Moreover, the timing of the spring neap is not captured 
in the model. The reason for this anomalous spring 
event at the UW mooring is not known. The model and 
observed v currents are more similar, although some 
small phase shifts do occur. 
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Figure 15. Comparison of 3-day model (solid) and 
observed (dashed) semidiurnal current at the WHOI 
mooring 52.5 m depth. The model is constrained with 
the mooring data. 
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Figure 16. Comparison of 3-day model (solid) and ob- 
served (dashed) semidiurnal current at the UW mooring 
60 m depth. The model is constrained with the mooring 
data. 

4.3. Wave Field Energetics 

On the basis of the model results for the M2 con- 

stituent, the potential and kinetic energies in the re- 
solved first baroclinic mode can be estimated and com- 

pared to the barotropic tide. The potential energy of 
the baroclinic tide is calculated by fitting the isopycnal 
amplitudes (Figure 7) with the first vertical mode and 
averaging over the three legs. The potential energy for 
the barotropic tide is calculated using the CRS sea level 
data. The kinetic energies for both the barotropic and 
baroclinic tides are calculated using the mean values in 
Tables 3 and 4. 

The mode 1 potential and kinetic energies are 104 J 
m -2 and 116 J m -2, respectively. At this low latitude, 
the two energy levels are predicted to be nearly equal 
(i.e., (•:-f:)/(z•+ f:)• 1)[Wunsch, 1975]. For 
the barotropic tide, the potential and kinetic energies 
are 189 J m -• and 572 J m -•, respectively. The ratio 
between the total energy in mode I and the barotropic 
tide is 29%, consistent with the estimation by Wunsch 
[1975] for a locally generated baroclinic tide. 

The energy flux in the first baroclinic mode is 538 
W m -1, a relatively large value compared to estimates 
from east of Blake Escarpment in the western North 
Atlantic Ocean [Hendry, 1977] and north of the Hawai- 
ian Ridge in the central North Pacific Ocean [Dushaw 
et al., 1995]. 

5. Summary and Discussion 

The barotropic and baroclinic components of the 
semidiurnal tide in the TOGA COARE IFA domain 

are analyzed in this research. The barotropic tide is 
dominated by the zonal component of velocity at both 
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the M2 and S2 frequencies, in agreement with the CRS 
tidal model. Although the observations are limited to 
the upper 300 m, the baroclinic tide appears to include 
contributions from the first two vertical modes. The 

first mode is more energetic than the second and prop- 
agates toward the northeast. On the basis of the rela- 
tionships between the M2 and $2 tides, and between the 
energy of the first and second vertical modes, a proba- 
ble source of the baroclinic tide in this region is located 
•0320 km southwest of the observing region, where there 
is a series of islands and ridges. 

Plane wave models for the barotropic and baroclinic 
tides in the Wecoma survey data are proposed in section 
4. The modeled tidal phase, amplitude, and propaga- 
tion characteristics are consistent with the results from 

the CRS tidal model and with the analysis of the WHOI 
mooring data. The models match •40-60% of the ob- 
served semidiurnal current variance at the moorings 
when the mooring data are included in the baroclinic 
tide model fit. Neglect of a directionally spread baro- 
clinic wave spectrum and of higher baroclinic modes 
may contribute to low skill values. We emphasize, how- 
ever, that the ability to distinguish coherent barotropic 
and baroclinic tidal components in this region is due 
primarily to the survey data. In particular, a similar 
description could not be obtained from the available 
mooring data alone. 

In the western equatorial Pacific, the horizontal cur- 
rent in the surface layer has complex structure. There 
are strong mean shears between the surface Yoshida Jet, 
the South Equatorial Current, and the Equatorial Un- 
dercurrent during the IOP. The vertical advection of the 
mean shear by the baroclinic tide changes the modal 
structure (Appendix A). The comparisons between the 
theoretical mode I structure and the velocity data fits 
are significantly improved when we include the mean 
flow shear in the modal calculation. 

To our knowledge, this study is the first attempt to 
capture the dominant features of the baroclinic and 
barotropic tides in the deep ocean using only shal- 
low shipboard survey measurements. A wavenumber 
searching method is used to identify the dominant prop- 
agation direction of the mode I baroclinic tide (fit 1). 
The mode I wave found in this study has vertical and 
horizontal structures that are consistent with theory 
(fits 2 and 3). The plane wave fit is also consistent 
with mooring observations (fits 4 and 5). These re- 
sults suggest that a repeated spatial survey can resolve 
a narrow-band baroclinic signal even when the wave 
length is close to the survey scale. 

Appendix A' Vertical Mode Structure 
and Tide Model Fitting Methods 

Owing to the net surface heat and fresh water in- 
puts [Webster and Lukas, 1992], the mixed layer in the 
IFA was generally shallow during COARE. The pyc- 
nocline starts at approximately 70 m [Smyth et al., 

1996]. The current in this region was strong in the 
upper 300 rn with a multilayer structure [Eldin et al., 
1994]. In the surface layer above 70 m, there is the west- 
erly wind driven eastward current with peak velocity of 
50 cm s-1. The eastward Equatorial Undercurrent, with 
zonal flow varying between 15 and 45 cms -•, is found 
below 120 m. Between these two currents is the rem- 

nant of the South Equatorial Current that flows toward 
the west. Peak velocity in this layer is about 30 cm s -1. 

To compute vertical mode structures, a mean den- 
sity profile is formed from hydrographic data collected 
from several ships within the IFA. From 0 to 250 m, 
the profile is the average of the R/V Wecoma survey 
data, while at deeper depths an average is made of 130 
deep CTD casts from the R/V Alis and the R/V $hiyan 
3 [TOGA COARE International Project Office, 1993]. 
The mean flow is taken from the horizontal mean of the 

Wecoma data in the upper 300 m. Zero mean flow is 
assumed below 300 m. 

Assuming that the mean flow has larger horizontal 
scales than the baroclinic tidal wavelength of inter- 
est and a longer timescale than the tidal wave periods 
[LeBlond and Mysak, 1978; Boy& 1989], the equations 
for the near-equator internal waves are (the Coriolis 
terms are neglected) 

Dou 1 
-- + wVz + - Px - O (A1) 
Dt Po 

Dov 1 
-- + wVz + - - o (A2) 
Dt Po 

Dow I 1 
+- Pz- Pg (A3) 

Dt Po Po 

ux + Vy + Wz - 0 (A4) 

Dop 
Dt 

-- + Wpoz - 0 (A5) 

where U(z) and V(z) are background mean flows in 
the east and north directions, w is vertical velocity, 
P is pressure, p is density, p0 is the vertical mean 
density, g is the gravitational acceleration, Do/Dr = 
O/Or + UO/Ox + VO/Oy, poz = -N(z)2po/g, and N is 
the buoyancy frequency. After some manipulation, we 
have the equation for w, 

Dt 2 Wyy 
Do 

+ Wzz)- (WVzz + WVz.) 
+ N • (wxx + Wyy) - 0 (A6) 

Assuming w has the wave form, w = W(z)exp[i(kx + 
ly- wt)], the equation for }V(z) becomes 

Wzz + a-2•W = 0 (A7) 

where a = co - kU -1V and • = (N 2 - a2)(k 2 +/2) + 
a(kUzz +lVzz). Rigid-lid and flat bottom boundary con- 
ditions (W = 0 at z = 0,-H) and a shooting method 
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are used to solve for W(z). Then the horizontal veloci- 
ties are 

Table A1. Characteristics of the First Two Baroclinic 
Modes Considering the Mean Flow Effect 

U z 
i% Mode Constituent c, L, k, 

k2 + 12 exp[i(kx + ly - cot)] (A8) ms -x km 10 -2 tad km -x 

where 

i% exp[i(kx + ly - cot)] (A9) v- k2 

% = kWz + a-•(-12Uz + klVz)W 
% = lWz + a-•(-k•Vz + klUz)W 

and the terms with WUz and WVz indicate the vertical 
advections of the mean flow. In Appendix B, we will 
give some detailed discussion about the vertical advec- 
tion effects. 

Figure A1 shows the first 2 modes of the vertical dis- 
placement and horizontal velocity from the mean den- 
sity and velocity profiles of leg 1 of the Wecoma survey. 
The waves are at M2 frequency and toward the north- 
east. We note that the vertical modes for the u and v 

components differ because of the vertical shear. A no- 
table change in the mode I u component is a sharper 
gradient near 100 m depth compared to the no mean 
flow mode. The first two modes for both u and v are 

not orthgonal over the upper 300 m of the water col- 
umn; however, the modes are sufficiently different that 
a model decomposition is pursued in section 4. The in- 
ner product between modes I and 2 is -•0.27 for the u 
modes and 0.19 for the v modes (here each mode is nor- 
malized so that the inner product of a mode with itself 
is one). Table A1 gives the phase speed, wavelength, 
and wavenumber for the first two modes in the three 

legs of the Wecoma survey. 
The plane wave fits of equations (1) and (2) in one 

layer can be written as 

Displacement 

-50 - l-l--- v mode I I 
[[ ...... no-flow I[ 

•_...•'•. 
•.-100 

-150 

-200 

-250 

-300 
-200 0 200 -' 0 

. / . 
Velocity 

Figure A1. The first two modes of vertical displace- 
ment and horizontal velocity computed for leg I in 0-300 
m in the IFA domain. The inset in the left panel shows 
the 2 modes over the full water depth (1744 m). The 
velocity modes are normalized with the values at the 
surface. All modes have been computed with the mean 
flow included except the "no-flow" modes. 

Leg 1 
I M2 2.40 107.2 5.86 

S2 - 103.6 6.06 
2 M2 1.24 55.3 11.35 

S2 - 53.5 11.74 

Leg 2 
I M2 2.38 106.5 5.90 

S2 - 102.9 6.10 
2 M2 1.30 57.9 10.85 

S2 - 56.0 11.22 

Leg 3 
I M2 2.22 99.2 6.33 

S2 - 96.0 6.55 
2 M2 1.26 56.5 11.12 

S2 - 54.6 11.50 

c is the phase velocity, L is the wavelength, and k is 
the wavenumber in the three legs of the Wecoma survey. 

A.b. =dn (A10) 

where An is an (Ln x M) model matrix, Ln is the num- 
ber of observations in layer n (n = 1, N), M is the 
number of coefficients, bn is the vector of model coeffi- 
cients, and dn is the vector of observation data at layer 
n. This equation can be solved by the singular value 
decomposition method. If F is the vertical mode struc- 
ture and b = {b• ... bs)', then solving 

Ff = b (All) 

will give the modal constants, •. The modal fit can also 
be applied to the Fourier coefficients in the mooring 
data analysis [Dushaw et al., 1995]: • = Lb, where L = 
RAAGTRuu T (Rug = GRAnG • + R•, a priori model 
covariance matrix (Rnn)jj = ((Aj) •) and a priori data 
noise covariance matrix (R•)ii = ((ei)•), which comes 
from the analysis in each layer). 

When we use the vertical modal shape to constrain 
the fit (fits 4 and 5), we solve 

Af = d. (A12) 

A is the model matrix weighted by the modal shape. 
For simplicity, when there is only one vertical mode, 

A• Fx dx 

A- ' , d- ' . 

AsFs ds 

Where Fn is the modal amplitude at depth n. The 
equivalency of equations (All) and (A12) can be proved 
by simply comparing the elements in the two equations. 
Modal constants can be derived directly from equation 
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(A12). This is used in the last two fits in Table 2. Note 
that we can impose the polarization relation by combin- 
ing the equations for u and v. When the mooring data 
are used as constraints in the data-model comparison, 
the mooring data are treated as the same as the survey 
data and added to equation (A12). Including a second 
mode is simply adding a similar column for mode 2 in 
A. 

Appendix B' Vertical Advection 
of Background Shears 

One concern in interpreting the tidal variability from 
Eulerian measurements is that vertical advection of the 

low-frequency current field by the bareclinic tide may be 
a significant contribution to the tidal variance, partic- 
ularly for the COARE region where background shears 
are large. Isopycnal displacements during spring tide 
events of order 20 m have been observed in the region 
[Pinkel et al., 1996; Picaut et al., 1995]. Thus attempts 
to determine modal structure based on the horizontal 

tidal current may be misleading. 
To estimate the magnitude of this advective compo- 

nent to the tidal current (ua, va), fixed depth thermistor 
measurements between 52.5 and 260 m from the WHOI 

meeting are used to infer vertical displacements, Z(t), 
at the depths of the current measurements (z0). Z is 
obtained by integrating w = (OT/Ot)(OT/Oz) -• Ver- 
tical displacements in the semidiurnal band are then 
computed by band-pass filtering (1.8-2.1 cpd). We ig- 
nore the horizontal advection of horizontal temperature 

gradients which we assume to be weak relative to the 
advection of the vertical gradients. We favor this fixed 
depth approach rather than tracking the displacement 

of individual isotherms because of the large upwelling 
and downwelling signals that occur on longer timescales 
in the IFA which cause individual isotherms to advect 

out of the depth range of interest. In addition, isopy- 
cnal tracking is not used due to the sparseness of the 
salinity measurements at the WHOI mooring. 

The standard deviation of Z is •4 m between 70 and 

200 m depth with an increase to 7 m near 230 m depth 
(Figure B1). Compared to the first bareclinic mode 
(Figure A1), the amplitude of the estimated profile does 
not decrease with amplitude above 100 m depth, and 
the observed increase in amplitude below 200 m depth 
does not occur in mode 1. A complex demodulation of 
Z shows displacements of 10-15 m during some spring 
tides (e.g., near day 410) (Figure B1). High-amplitude 
events below 140 m (near day 360) without a corre- 
sponding response at shallower depths again emphasize 
that a single bareclinic mode can account for only a por- 
tion of the variability, consistent with the modal analy- 
sis of the horizontal current data. A similar mode fit to 

the displacement estimates is not made given the simi- 
larity of modes I and 2 for this depth range. 

The amplitude of the semidiurnal band currents due 
to the advection of lower frequency shears is taken 
as u•(zo,t) = U(zo + Z,t)- U(zo,t), and v•(zo,t) = 
V(zo + Z,t)- V(zo,t), where U and V are the low- 
passed currents (cutoff of 0.33 cpd). Linear interpo- 
lation is used to infer currents between measurement 

depths. A depth-time plot of current amplitude (Plate 
3, similar to Plate 2) shows that the advective compo- 
nent is weak (< 5 cm s -•) for most of the deployment. 
A spring-neap cycle is not apparent, although the pe- 
riod of strongest current amplitude occurred near 100 m 
depth during the spring tide just before mid-February. 

-40 , , , , -40 

(a) ib) ' ' ' 
-60 , -60 

-80 , -80 

- 1 O0 - 1 O0 

-140[ -140 
-160[ 1 -160 

-200[ - 
-24% • ,• ; 300 3•0 3,•0 3•0 3•0 4(•0 4•0 

Meters Year day 1992 

Figure B1. (a) Standard deviation of the estimated isopycnal displacement in the semidiurnal 
band. (b) Time dependence of the isopycnal displacement in the semidiurnal band versus depth. 
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Because background shears associated with the u cur- 
rent component are stronger than for the v component, 
Ua is greater than Va (Plates 3b and 3c). Again, com- 
pared to the standard deviation of semidiurnal band 
currents, Ua and Va are weak at all depths. The max- 
imum measured standard deviation of Ua near 100 m 
may account for a relative maximum in the standard 
deviation of the horizontal u current (Plate 3b). In 
general, however, it does not appear that the advective 
signal will have a strong effect on the analysis of the 
horizontal currents. 
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