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Equatorial current measurements, I. 
Moored observations 

by James R. Luyten1 

ABSTRACT 
The low frequency fluctuations in the western Indian Ocean are dominated by energetic 

variability with relatively small horizontal and vertical scales. The time series of horizontal 
current and temperature exhibit a number of energetic events which, for the most part, are not 
sufficiently resolved to assign a spatial scale to the underlying process. An exception to this is 
the 200 meter equatorial jet which persists over the first two months of the record. We show 
that there is a westward intensification of the eddy field toward the east African coast and that 
in the energetic region, the eddy kinetic energy is proportional to the local buoyancy frequency. 
At periods of the order of 50 days and longer, the current variability is principally zonal, 
although there is a marked dominance of meridional fluctuations at intermediate frequencies. 

At periods of 50 days and longer which might be associated with equatorial planetary waves, 
we find some corroborative evidence for such a wave field in the correlations between orthog
onal velocity components away from the equator. The general lack of coherence between 
instruments separated spatially is consistent with the small scale variability observed in the 
velocity profiles. 

The mean flow in the upper layers appears to be toward the west while at depth there is 
evidence for a weak northward flow into the Somali Basin. 

1. Introduction 

In the spring of 1976, a pilot experiment was undertaken in the western Indian 
Ocean to explore the dominant spatial and temporal scales of oceanic variability. 
This experiment was to provide the basis for the design of a component -of the 
oceanographic effort associated with the Global Weather Experiment (FGGE). 
Recently, the equatorial regions of the world's oceans are of particular interest be
cause of their potential significance in relation to the atmospheric variability of 
climatic scales. The Monsoon regime in the western Indian Ocean provides possibly 
the most dramatic situation of meteorological forcing at the annual period. There 
are several phenomena directly attributable to this strong meteorological forcing
the onset of the Somali current during the Southwest Monsoon April to September 
(Leetmaa, 1973) and the equatorial undercurrent during the end of the Northeast 

1. Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543, U.S.A. 
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Figure 1. Spatial configuration of the INDEX mooring array. In the upper panel, current 
meters are denoted by squares, temperature pressure recorders by circles. Shading of the 
symbols indicates approximate fraction of reliable data obtained from that particular instru
ment. In the lower panel, contours of bottom topography are in meters. 

Monsoon (Swallow, 1967; Luyten, 1981b; Swallow, 1981). The strength of the 
Monsoon and the time of its onset are variable, so that there are strong interannual 
variations as well (Fieux and Stommel, 1977). 

The equatorial regions of the ocean are unique in several regards due to the 
vanishing of the local vertical component of the earth's rotation vector. This 
singularity gives rise, theoretically, to a wide variety of low frequency equatorially 
trapped baroclinic wave motion, planetary, Kelvin and mixed Rossby-gravity 
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waves, and low-frequency internal gravity waves whose periods extend out to ap
proximately 5 days (Moore and Philander, 1976). There has recently been evidence 
reported for the existence of the equatorially (meridionally) trapped gravity waves 
in the ocean in sea level (Wunsch and Gill, 1976), and in observations of current in 
the tropical Atlantic (Weisberg et al., 1979). 

Moored current meter observations made during the 1976 INDEX experiment 
are described and discussed in Sections 2 and 3, with particular emphasis on the 
spatial structure of the zonal jet which dominates the initial period of the records 
in the upper ocean. Section 4 discusses the mean flow and spatial character of the 
eddy field. Sections 4 and 5 discuss the spectral structure, showing the dominance 
of zonal over meridional motions at low frequency, and generally low coherence 
across vertical separations. These results are consistent with linear equatorial waves, 
although no compelling evidence is found for such an interpretation since the 
underlying structure was aliased by the large spatial scales of the array. 

2. The observations 

In May 1976, an array of moorings was deployed in the western Indian Ocean, 
by the Woods Hole Buoy Group as shown in Figure 1. The four intermediate 
moorings contained 13 current meters and 5 MIT Temperature/ Pressure recorders. 
In addition, a triplet of near bottom moorings was deployed by MIT with 2 current 
meters and 11 T / P recorders. The moorings were recovered in December .1976 
after nearly 8 months' exposure. The data return from the WHOI moorings was 
82 percent, less than expected, largely due to electronic component failures ap
parently as a result of rough handling during trans-shipment to Kenya. 

Three of the moorings (593, 594, 596) were deployed along the equator, suffi
ciently far, it was thought, to be away from western boundary effects. The fourth 
mooring (595) was deployed at 1 °30'N, 53E. The spatial configuration of the ,array 
and the levels of observations, shown in Figure 1, were chosen in order to define 
the gravest vertical modes. We shall see, however, these modes do not appear to be 
energetically dominant. 

The data from the current meters were processed with the standard WHOI Buoy 
Group procedures. Because we are principally interested in the processes whose 
periods are long with respect to the internal gravity waves, we have low-passed the 
data with a running mean Gaussian filter with a half-width of 24 hours. This filter 
removes the tidal and higher frequency motions, passing 95 percent of the power at 
periods longer than 5 days (Schmitz, 1974). The resulting time series has been 
subsampled once a day. Approximately 10 percent of the record variance can be 
ascribed to frequencies associated with the internal gravity-wave spectrum and the 
tides. The variability associated with the internal gravity waves appears to be of 
small spatial scales and is described elsewhere (Eriksen, 1980). 
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Figure 2. Time series of low-passed current vectors, with east up, as indicated. Geographic 
positions are 593 (0°,,, 50° 30'E), 594 C0°, 53E), 595 Cl O , 30'N, 53E), 596 C0°, 53E). 

The low-passed data from the four intermediate moorings are shown in Figure 2. 
The energetic dominance of the very long period variability is clearly evident in 
these records, at all levels, with a typical time scale of 30-60 days. It is essentially 
this energetic variability which is the subject of this paper. 
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Figure 3. Time series of low passed temperature and pressure. The nominal depth of the 
instrument is noted on the right of each trace. The temperatures have not been corrected 
for the apparent mooring motion. 
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The temperature data from the current meters and available T /P recorders have 
been filtered in the same manner, and are shown in Figure 3. These records are 
sin:illarly dominated by . the long period motions. Two of the MIT T /P recorders 
yielded pressure records-one at 250 meters (596) and one at 4550 meters (595). 
In the case of mooring 595, there are two events in the temperature record which 
are predominantly due to vertical displacement of the instruments. It is interesting 
to note that the largest vertical excursion which occurred in August, is not asso
ciated with the largest speed at the top of the mooring, but rather with a . period 
during which both the 200 and 1500 meter speeds were large. 

3. Structure of the velocity field 

The basic characteristics of the velocity and temperature fluctuations are evident 
from Figures 2 and 3, where the emphasis is upon the vertical structure. While 
there. are energetic events in the records from each mooring which appear coherent 
acrtiss vertical separations, these. relationships are not consistent and are, as we 
shall see below, without statistical significance. This certainly suggests that the 
gravest baroclinic modes are not energetically dominant. 

The amplitude of these fluctuations while varying with depth is consistent among 
the three western moorings (593, 594, · 595), although smaller for the eastern 
mooring (596). 

The spatial pattern of the velocity field, while not consistent over the duration of 
the records, does reveal an .energetic westward flow at the uppermost instruments 
wh~ch is organized on a large scale. This flow, shown in Figure 4, is · consistent with 
thb;200 meter equatorial jet evident in the velocity profiles made with the White 
Horse in June 1976, and \vill be discussed extensively elsewhere (Luyten and 
Swallow, 1976; Luyten, 1981a). . 

the instrument from 550 meters depth at 57E shows a similar westward flow and 
has; been included in Figure 4. The velocity profile data at 53E show a weakly 
eas~ard flow at that depth, so that the consistent westward flow at 57E may 
inclicate that the zonal jets have spatial structure. This question can be resolved 
only wi~ additional observations. 

1'he consistent westward flow breaks down near the end of July and is supplanted 
by an equally energetic ·variability of smaller (unresolved) spatial scale. The 200 
me(er instrument at 53E, 1 °30'N (5951) unfortunately had a compass failure, 
alth;ough the record of current speed (rotor counts) is similar to that at 53E 0° and 
sho{vs, a sharp decrease in the speed in mid July (Fig. 5), near the titn~ of the 
breakdown of the 200 meter jet. 

Moored current meter data reported by Knox (1981) at 500 meter depth from 
a near-equatorial seamount {~ SSE) show similar westward flow during the late 
spring months, with a similar breakdown in July. 
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Figure 4. Low passed plot of the upper level flow. A panel is shown every two days, beginning 
on 19 May. The arrows are drawn from the geographic location of the mooring as shown 
in the upper left hand corner. 



26 Journal of Marine Research 

SP£ED-200m 
DEC 

5331 t :I l 3 20 

IO 

m,.tJ~~l 
5951 Ir 

j 

~ l 
j 
..J 

[40, 1 

Figure 5. Current speeds from the low-passed data at the upper levels. Note that near co
incidence of the decrease in speed mid July. 

We have examined the available wind data from the African coast (Mombasa 
and Lamu) and from the Seychelles Islands (~ 55E, 4S). None of these records 
show any appreciable change in the wind velocities near the time when the 200 m 
flow was becoming disorganized. The possibility exists that a meteorological event 
occurred in the interior of the Indian Ocean and that the resulting wave disturbance 
of large scale propagated into the region. For example, a second baroclinic mode 
Kelvin wave with a phase speed of 1. 77 m/ sec could traverse the entire width of 
the Indian Ocean in 45 days (Philander and Pacanowski, 1980). 

Another energetic organized jet appears in the 1500 meter currents during the 
last two weeks of the records, as shown in Figure 6 (see Fig. 2 as well). With 
isolated events of this type, it is not possible to determine the overall statistical 
significance of a particular spatial pattern. 

As we noted above, vertical displacements due to mooring motion have a dra
matic effect upon the temperature records. The periods of large displacement are 
typically associated with velocity fluctuations which are consistent over a large 
vertical extent. Although we do not have pressure data from the other two moor
ings, there are no such events in the temperature records from these moorings, with 
the possible exception of the sharp drop in temperature at 200 meters on mooring 
594. However, the very gradual increase after the sharp drop suggests that the drop 
is not just mooring motion. 

During June, the 200 meter westward jet is accompanied by decreasing tem
perature at the three western moorings, although there is no indication of this at 
57E. Such a large scale cooling is typical of the onset period of the Southwest 

,.Monsoon in the western basin-perhaps related to the uplifting of the thermocline 
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Figure 6. Low-passed current vector at the nominal 1500 meter level. Dates and configuration 
are the same as in Figure 4. 
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in response to the eastward surface jet (Wyrtki, 1973; Philander and Pacanowski, 
1980). The westward jet at 200 meters, however, continues to flow after June and 
is then accompanied by a gradually increasing temperature. At 57E while there is 
consistent westward flow at 550 meters depth, there is no corresponding variation 
in the temperature. This is puzzling since if the drop in temperature is due to the 
advection of colder water into the western region, and this water is coming from 
east of 57E, then one would expect a similar drop near 57E since with a velocity of 
40 cm/ sec, it takes only 10 days to go the 4° of longitude between the two moor
ings. This lack of similarity in the temperature signal may be consistent with some 
unresolved zonal structure in the equatorial jets, as discussed above. 

4. Statistics of the velocity field 

The gross statistical properties of the horizontal current field are computed as 
simple averages over the available record length and are summarized, together with 
the basic control information in Table 1. The question of the representativeness of 
these statistics is always a difficult one, since we do not claim to have defined the 
underlying spectrum of variability. Indeed, short of observing the underlying spec
trum, there is little one can do to improve upon the estimates of these means. As 
we discussed above, there is energetic variability with time scales of 60 days or 
more, so that in a 200 day record, there may be 3 or 4 independent estimates of 
the energetically dominant process. This can be confirmed by examining the varia
tion among the statistics computed from individual 60 day pieces-these appear to 
be independent (uncorrelated) and differ by 100 percent or more from the 220 day 
means. This is rather a pessimistic approach. Flierl and McWilliams (1977) have 
discussed a more objective approach in which asymptotic expressions for the effects 
of finite record length are estimated directly. 

The two quantities of interest here for a random variable </> (e.g., velocity com
ponents or temperature) are an estimate of the variance of the difference of the true 
mean ( <</>>) from that computed from a finite record of length T, 

€1 = <(cf>-<</>>)2> 

where cp = T-1 s~:
12 

</> (t) dt and 

the variance of the difference between the true variance <(</> -<</>> )2> and that 
constructed from the finite record (</> -cp)2, 

€2 = < [ (</>-cp) 2 -<(</>-<</>>)2>z } > 

The asymptotic expressions for these quantities to leading order in 1/T where Tis 
the length of the finite record, are 
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Table 1. Record averages. 
00 
N ...,.. _ 

Record Duration Depth <u> <v> <u"'> <v'"> <u'v'> <T> <u'T'> <v'T'> N 
number Latitude Longitude (days) (meters) cm/ sec cm'/ sec' ·c cm-deg C/sec < T''> eye/ hr 

5931 0°03'N 50°28'E 201 203 -10.1 0.4 319.6 208.2 10.9 13.4 7.0 -0.3 .368 3.69 

5932 0 503 
5933 231 1500 0.05 2.1 72.8 43.6 15.6 4.3 .6 .08 .22 x 10- 1 0.91 
5934m 61 3545 5.2 -3.3 52.4 36.5 18.9 (1)1.6 .008 -.04 o> .268 X 10-s 0.55 

5941 (2)" 0°l'N 52°59'E 227 201 · -7.0 -.7 365.5 112.7 -22.3 13.44 6.2 -1.1 .488 4.39 t--; 

5942<2> 0 501 
i:: 
'-c -5.943<2> 13 1500 5.6 9.7 4.2 10.6 5.1 4.36 .03 .10 .002 1.21 "' 

5944<•> 227 2508 -1.2 .96 20.2 33.6 3.2 2.10 .009 .02 .891Xlo-• 0.57 t?1 
5945<2> 227 3544 .94 1.7 17.8 33.0 3.8 1.59 -.03 .003 .536X 10--' 0.56 i:: 

i::. -<::> 
5951<•> 1 °30'N 53°00'E 229 202 482.0 13.1 .470 4.03 ... 

§.: 
5952 0 501 !") 

5953 229 1500 2.4 2.3 71.7 35.7 20.9 4.2 -.3 -.5 .nox 10-1 1.21 i:: ... 
5954<<> 197 3542 1.7 1.05 17.03 15.27 3.33 1.60 - .006 -.015 .345 X 10--' 0.37 ;::s 
5955 227 4551 16:94 1.30 .675X lQ--< .;-

5961 0°0' 57•oo·E 222 254 12.19 .145 
5962 223 550 -4.8 1.0 140.4 64.5 -14.0 9.4 - .9 .3 .245x 10-1 1.85 

5963 223 1550 -3.9 1.3 32.2 28.6 3.0 1.10 
5964 223- 3595 0.4 -.5 5.1 9.5 1.1 1.6 .05 -.005 .294x 10-• 0.45 

<1> Speed sensor failed after 61 days, complete 231 day record for temperature used for <T> and <T''> . 
<•> This mooring was inadvertently released in June and reset after two days. The two-day gap, evident in some plots, was linearly interpolated here. 
<3> Compass record was faulty so the variance of speed record see <11'' + v''> = 482.0 is given. 
<•> There is a 30 day gap during October in all of the data except the clock. These statistics were computed from a merged file, deleting the gap. 

N 
\0 



Table 2. Time scales and estimated errors. 

Nominal 
depth n• <u> (e.'" ) <u"•> (E,1/2) n• <v> (E,'1') <v"> (1.:.'") 

Record (meters) (days) cm/sec cm'/ sec' (days) cm/ sec cm'/sec• 

5931 200 16.4 -10.1 (7.2) 319.6 (95.6) 6.2 0.39 (3.6) 208.2 (43.6) 

5933 1500 9.8 .05 (2.5) 72.83 (17.8) 6.7 2.05 (1.6) 43.56 ( 9.2) [ 
5941 200 16.9 -6.52 (7.0) 361.4 (98.0) 4.0 -0.58 (2.0) 113.7 (18.3) 

5:: 
5944 2500 17.9 -1.36 (l.8) 19.6 ( 6.1) 6.1 1.08 (1.3) 33.26 ( 6.2) ~-
5945 3550 11.2 0.93 (1.3) 18.10 ( 4.8) 8.0 1.68 (1.6) 33.50 ( 7.6) 

('II 

:;:., 

5953 1500 2.30 (2.1) 35.67 ( 9.4) 
('II 

14.3 2.35 (3.0) 71.72 (21.1) 13.8 

5954 3550 9.7 1.69 (1.1) 16.94 ( 3.3) 5.7 1.05 (0.9) 15.27 ( 3.0) ::r-

5962 550 18.6 -4.79 (3.1) 140.40 (16.6) 6.5 1.00 (2.5) 64.50 (18.8) 

5963 1550 9.6 -3.93 (1.7) 32.16 ( 7.5) 6.3 1.27 (1.3) 28.59 ( 5.6) 

5964 3600 11.3 0.43 (0.7) 5.13 ( 1.2) 6.3 -0.46 (0.7) 9.46 ( 1.9) 
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Figure 7. Record average mean fl ow. The instrument depth in meters is indicated at the head 
of the arrow. Dashed arrow indicates a short record. Depth contours are in meters. 
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where C(7) is the underlying normalized auto-correlation function and a-2 is the 
variance. For estimating these quantities, we use the computed correlation func
tions, summed out to the first zero crossing, and the record average variance. 

The quantity f dTC('T) is the integral time scale for the underlying process 

so that TI f dTC('T) represents the number of independent intervals in the 

record, i.e. equivalent degrees of freedom. Bryden and Pillsbury (1977) have given 
similar estimates for the errors in the record means. 

The summary of the integral time scales and estimated root/ mean-square errors 
(e/12, e21l 2) is given in Table 2. The time scales for the zonal components are typ
ically twice or three times as long as those for the meridional component of flow. 
The time scale generally decreases with increasing depth. These trends are evident 
in the original data as well (Figs. 2, 3). 

Seen from a geographical perspective, however, there is a consistent pattern to 
the mean flow vectors, as shown in Figure 7. These patterns, discussed below, 
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Figure 8. Vertical distribution of perturbation kinetic energy from the record averages. Num
bers adjacent in parenthesis and triangle indicated the shorter record length. 

suggest that the rms errors are unnecessarily pessimistic. The westward mean flow 
at the upper level arises from the 200 meter jet during the initial two and one-half 
months of the records. There is no significant meridional mean at these levels. 
Deeper, one might argue that there is evidence for a net meridional flow northward 
into the Somali basin. There is no historical evidence for a deep mean flow north
ward into the Somali basin at these longitudes. There is evidence of a northward 
flow at depths greater than 2000 meters along the east African Coast (Warren 
et al., 1966). This flow was identified by the presence of a consistent band of 
relatively fresh water along the continental margin, impinging upon the coast near 
2N and becoming zonal near 9-l0N. The sense of the flow to the north was deduced 
from a downstream increase in salinity, based upon a particularly fresh station at 
1 °58'S, 49°20'E, although subsequent observations have confirmed these low sa
linity values (Swallow, personal communication). 

The quadratic statistics, the variances, are a measure of the characteristic strength 
of the low-frequency eddy field. While the record averages given in Table 1 are 
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Figure 9. Dependence of perturbation kinetic energy upon local buoyancy frequency N (z). 

subject to uncertainties shown in Table 2 as discussed above, we can make a 
consistent interpretation of the geographical variations. The perturbation kinetic 
energy, 1/ 2(u'2 + v'2) using records longer than 60 days, from the three western 
moorings (593, 594, 595) show approximately the same level and variation with 
depth, while the data from the easternmost mooring, 596, is significantly weaker. 
This disparity seen in Figure 8 is evident from the individual time series over their 
entire length and corresponds to a factor of more than 2 in overall energy level, 
well above a probable uncertainty in the statistic. 

This westward intensification of the low frequency eddy field can also be viewed 
as a suppression of the eddy field to the east due to the presence of the bumpy 
topography, beginning near 60E, associated with the Carlsberg Ridge which crosses 
the equator near 65E. The detailed mechanism of this suppression is not clear, but 
there does appear to be some evidence for a topographic effect on near-surface 
drifters in this region (Luyten et al., 1980). 

The vertical structure of the perturbation kinetic energy is proportional to the 
local Brunt-Vaisala frequency, N(z), as shown in Figure 9. It is clear from this plot, 
that the instrument at 550 meters depth on mooring 596 is not anomalous in 
energy. It is the deeper two instruments on this mooring that are anomalously low 
in eddy kinetic energy. This latter fact may lend some weight to the argument that 
the deep eddy field is suppressed by the mid-ocean ridge to the east. It is interesting 
to note that the mean flow vectors (Fig. 7) from these instruments are similar to 
those from the other deep records of comparable length, giving perhaps somewhat 
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more faith in the estimates as being free from unresolved very low frequency 
variability. 

The nearly linear dependence of the kinetic energy upon N(z) is what one would 
expect from a WKB approximation for freely vertically propagating waves whose 
length scale was small with respect to the variations in the Brunt-Viiisiilii frequency. 
If we assume that the vertical structure can be separated from the horizontal de
pendence, we find that the horizontal velocities are u, v ~ m(z)112 exp{± ifm(z)dz} 
where the local vertical wave number m(z) = N(z)/(gh) 112 and h is the equivalent 
depth (Philander, 1978). 

Thus if the velocity is dominated by one of these waves or if a sufficient number 
of vertical wave numbers are present, the distribution of perturbation kinetic energy 
will be proportional to N(z). This latter assumption is also consistent with the 
absence of vertical coherence in the velocity field as discussed below (Section 6). 

5. Specfral structure 

The raw periodograms for the time series discussed above have been averaged 
over five adjacent frequency bands, and are plotted in Figure 10 in a decadal 
energy-preserving form. We have chosen to make explicit the frequency band to 
which a given estimate refers-band averaging essentially increases statistical sta
bility at the expense of resolution/ in the frequency domain. The distribution of 
current variability with frequency reveals two features. Firstly, it is clear from these 
estimates that the spectrum are red, with most of the energy ascribed to periods on 
the order of 50 days and longer. This is consistent with our previous discussion 
(Section 3). 

Secondly, in the lowest frequency bands, the level of zonal variability is dominant 
over the meridional component. It is interesting to note that for the variability in 
the range of 10 days period, the meridional component consistently dominates over 
the zonal component. This has been noted by Eriksen (1980) and has been ra
tionalized by his model of the equatorial internal gravity wave spectrum, arising 
from the structure of the mixed Rossby-gravity model and the assumption of a 
horizontally uniform distribution of energy flux . 

The dominance of zonal over meridional motions at low frequency is consistent 
with the theoretical arguments concerning the equatorial ocean response at very 
long periods (Philander and Pacanowski, 1980). These arguments depend upon 
the fact that it is easy to produce a zonal equatorial current by a meridional de
formation of the density field, producing a geostrophic current whereas there is no 
equivalent mechanism, other than the equatorial waves for producing meridional 
flow. The zonal currents will persist unless they are supplanted by wave motions 
propagating into the region or are dissipated. 
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One might expect that the ratio of zonal to meridional variance could be modeled 
easily as a function of frequency. This is possible but it is entirely dependent upon 
the details of the distribution of meridional modes, whose structure becomes in-
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creasingly complex with increasing meridional wave number. As we shall see below, 
there is evidence that if the equatorial waves are present, there are enough merid
ional modes to destroy the meridional (and zonal) coherence in the velocity field. 

6. Vertical and horizontal scales 

In previous sections, we have discussed the periods of organized flow, particularly 
at the upper levels, while noticing that on an overall basis, there was no statistically 
significant coherence over the vertical or horizontal separations in the array. The 
complete set of cross-spectral estimates between the velocity components and tem
peratures, from instruments separated in either the horizontal or vertical shows no 
consistent pattern. A particular example is the coherence in temperature between 
instruments at 256 meters (5961) and 551 meters (5962) depth, shown in Figure 11. 
The raw estimates were averaged over five adjacent frequency bands, so that a 95 
percent confidence limit for finite number of realizations of a normal process with 
vanishing true coherence is 0. 73. Thus one expects approximately 5 percent of the 
coherence amplitude estimates to exceed 0.73. The distribution of the estimated 
coherence is consistent with this confidence limit. We conclude that the bandwidth 
or the number of statistically independent components of the underlying process is 
so great that the coherence is destroyed by phase mixing. It is not possible to 
distinguish from this observed coherence structure whether there is an underlying 
intermittent process or whether the field is dominated by small scale processes. The 
mooring array was clearly unable to resolve the underlying structures in the field, 
as observed in the velocity profiles (Luyten and Swallow, 1976; Luyten, 1981a). 
The spectral model for the equatorial internal gravity wave field (Eriksen, 1980) 
requires a rich distribution of vertical modes or equivalently a large bandwidth, 
consistent with our conclusions. 

It seems clear that further observations which attempt to determine the under
lying spectrum of low-frequency variability in the equatorial region will require 
measurements on vertical scales of the order of 100 meters. 

7. Local structure and equatorial waves 

The coherence between the two orthogonal components of velocity, and between 
velocity and temperature from a single instrument, can often be used to infer simple 
wave-like character to the underlying field where this character is obscured by the 
spatial complexity of the field (Section 6!). The coherence amplitude and phase 
were computed between u, v and T for each of the instruments in the array, as 
discussed above. The coherence estimates between the temperature and the velocity 
components are not significant as was generally true in Section 6. 

For the coherence between u and v, however, the situation is somewhat different. 
Using the 10 long records of velocity components and averaging across five adj a-
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cent frequency bands, we find that 12 estimates are significant at the 95 percent 
level, out of a total of 207 (6 percent). However, considering only the five lowest 
frequency bands with periods roughly between 73 and 10 days, which contain 98 
percent of the energy, we find that nine of the coherence amplitude estimates out of 
50, are significant at the 95 percent level (18 percent) as shown in Table 3. Of these 
nine, three are from the two instruments at 1 °30'N, and all of these estimates have 
phases of 270° ± 15°. The remaining six estimates have phases distributed around 
the circle: While this may appear to be grasping at straws, it is one of the marginally 
significant relationships which characterize the velocity field. 

A coherent relationship between orthogonal velocity components with phases of 
7T /2 is characteristic of spatially trapped wave motion. The equatorial region allows 
wave-like disturbances propagating zonally and vertically while being exponentially 
trapped to the equator (a thorough discussion has been given by Moore and Phil
ander, 1976). The linearized potential vorticity equation on the equatorial /3-plane 
can be written in the form 

( 
cP a2 

) av a [ 1 a ( a3
V av )] ax2 + ay2 + f3v:c + az:- N2 az ajs + 12 at = 0 

for which a class of wave-like solutions can be represented (WKB approximation) 
as follows: 

V = (m(z))l/2ei(Ka,-o,t + f m(z)dz) Gn(fn)exp(-1/2fn2) = Fnv(y,z)ei</>(ID,Zt) 

U = i(m(z))1/2 ( f3m )
112 

eiCKID-.,t + f m(z)ctz) [ nGn-1(fn) 
N K+crm/N 

1/2Gn+1(fn) ] + -K + crm/N exp(-l/2f,,2) = F"(y,z)ei <I> 

. . . ( {3m) 11
2 

where Gn(g) is then-th Hermite polynomial, fn = N y and m(z) is the local 

vertical wave number. An exception to these is the Kelvin wave for which V = O 
and U is a Gaussian. 

The dispersion characteristics of these wave-like solutions has been discussed at 
length in the above references. There is a full, discrete spectrum of wave disturb
ances of this character with periods extending from the short wave-length internal 
gravity waves with periods between the local Brunt-Vaisala period and several days, 
to the large-scale equatorial planetary waves with periods of 30 days and longer. In 
view of t?e absence of peaks or discrete structure in the observed spectrum (Section 
5), it is not fruitful to discuss these wave solutions explicitly, except to note that for 
the low frequency waves, the amplitude of the zonal velocity generally dominates 
the meridional components, although the details depend upon the explicit merid
ional modal structure. 



Table 3. Coherence amplitude (phase) between velocity components. 

Estimate o·, 50°30'E 0°, 53°E P30'N, 53°E 0°, 57°E 
Instrument 5931 (1) 593300 594100 5944111 594500 5953111 5954<•> 5962°> 5963<•> 5964<2> 

r:-. 
i::: 

1 .09 (290) .39 ( 48) .34 (225) .80 ( 79) .16 (353) .56 ( 29) .68 (277) .50 (183) .27 (354) .55 (272) '<: -"' 
2 .82 ( 88) .31 (140) .14 ( 16) .62 ( 75) .31 ( 84) .16 (116) .93 (280) .80 (327) .52 (234) .88 (328) 

3 .22 ( 2) .61 (313) .83 (121) .68 (288) .56 ( 9) .44 (255) .56 (288) .39 (250) .83(116) .38 (312) i::: 

4 .62 (329) .72 ( 18) .63 ( 70) .14 ( 29) .14 ( 1) .74 (283) .82 (263) .50 (130) .50 (355) .20 (173) 0 ., 
a 

5 .13 ( 36) .17 (149) .32 (158) .49 ( 69) .52 ( 42) .64 (267) .17 (156) .65 (233) .21 ( 87) .17 (140) (") 
i::: ., 

Center periods of the first fi ve frequency bands: s 
i::;-

(1) 66.7, 25.0, 15.4, 11.1, 8.7 days 

(2) 77.3, 27.5, 16.9, 12.2, 9.6 days 

(3) 43.3, 16.25, 10.0, 7.22, 5.65 days 
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The essential characteristic for our discussion here is that the modal structures 
of u and v are of opposite meridional symmetry-thus if n is an even integer, vis 
even and u is odd, and vice versa for n odd. 

Then, if the velocity field is represented as a linear super-position of statistically 
independent wave solutions, the coherence between u, v must vanish at the equator 
(y = 0) and will have a phase of either ± TT/2 away from the equator, depending 
upon the particular distribution of meridional modes, since 

u*v = -i e-icli("1,Z) F,.u (y,z) e !c!i("1,Z) F,." (y,z) 

= 1/J,. (y,z) e-' .,,12 

where F,.", F,." are real, so that I/In (y,z) is real as well. 
This suggests a basic consistency between the equatorial wave motion and the 

observed distribution of coherence between u and v, with no significant coherence 
for the equatorial instruments, and a phase of -'Tf/2 (~ 270°) for the instruments 
at 1 °30'N. 

8. Conclusions 
The principal results from the INDEX mooring array are that the velocity and 

temperature field is dominated at low frequency by energetic variability of relatively 
small spatial scale. Although there are distinct time intervals within the smooth time 
series in which the velocity field is organized on scales of several hundred kil
ometers, there is little or no statistically significant coherent motion overall. The 
intervals of organized flow may arise in response to the Monsoon winds and thus 
appear with an annual periodicity. Only further prolonged observation can deter
mine the underlying spectrum of such processes. 

The local structure of this energetic variability is consistent with a linear super
position of equatorially trapped low frequency planetary waves of small vertical 
scales. The kinetic energy scales with the local Brunt-Vaisala frequency, the com
ponents of velocity are not correlated significantly along the equator while they are 
approximately in quadrature off the equator, at 1 °30'N. The intensification of the 
horizontal kinetic energy near the African coast is also consistent with the reflection 
of a planetary wave field. 

In subsequent papers in this series, we shall explore the relationship between the 
long period variability described here and the small vertical scale variability in 
horizontal velocity observed with the vertical profiles. In addition, there is at present 
an array of moored current meters deployed in the western Indian Ocean designed 
to explore the nature of the upper level flow over long zonal and time scales 
(Luyten et al. , 1980). We hope that these observations will shed light on the upper 
level jets, their apparent breakdown or dissolution and their possible relationship 
to the Monsoonal forcing. 
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