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Variability in the central equatorial Indian Ocean 
Part I: Ocean dynamics 

by Michael J. McPhaden1 

ABSTRACT 
Time series of simultaneous wind stress, ocean temperature and velocity from the Island of 

Gan (00°41'S, 73°10'E) in the equatorial Indian Ocean are examined for the period January 
1973-May 1975. Means, trends, and variance at 1 and 2 cycles per year are removed by regres-
sion techniques and compared to existing equatorial ocean theories. Zonal mean currents are 
eastward from the surface down to 200 m indicating that nonlinearity is important in the mean 
zonal momentum balance of the thermocline. The amplitude and phase of semi-annual varia-
tions below the mixed layer suggest that there is a net downward propagation of energy in the 
form of equatorial Kelvin and non-dispersive Rossby waves. Spectral characteristics of the 
residual variance about the regression are consistent with the existence of a continuum of free 
equatorial waves. Superposed on this continuum is a wind forced response at periods between 
30 and 60 days. 

1. Introduction 

The circulation of the Indian Ocean north of 20S is characterized by seasonally 
reversing currents in response to monsoon wind forcing. During the northeast mon-
soon which occurs in boreal winter, the atmospheric and oceanic circulation patterns 
are similar to those found in the Pacific and Atlantic. Easterly Trades in both 
hemispheres drive westward wind drifts, between which flows an equatorial counter-
current in the region of the intertropical convergence zone. During northern summer, 
however, the atmospheric circulation north of the equator reverses and intensifies 
because of strong beating over the Indian subcontinent. The intense winds of the 
southwest monsoon in turn drive ocean currents eastward north of the equator. The 
transition between monsoons (April/May, October/November) is marked in equa-
torial latitudes (SN-SS) by westerly winds and strong eastward oceanic jets as first 
pointed out by Wyrtki (1973). 

One goal of the INDEX program was to understand the dynamics of the low 
frequency ocean response to monsoon forcing. This motivated a 2½ year measure-
ment program from the Island of Gan (00°4l'S, 73°10'E) under the direction of 

1. National Center for Atmospheric Research, P.O. Box 3000, Boulder, Colorado 80307, U.S.A. 

157 



158 Journal of Marine Research [40, 1 

Dr. Robert Knox of the Scripps Institution of Oceanography. A preliminary analysis 
of this data has appeared (Knox, 1976) as have a few model studies inspired by 
these data. The purpose of this paper is both to expand on Knox' (1976) analysis 
of the low frequency content and to examine the higher frequencies from the per-
spective of equatorial wave theory. In a companion paper (Part 11), we augment 
Knox' data with atmospheric measurements in order to study the heat budget of the 
upper 200 m and turbulent kinetic energy budget of the mixed layer. 

The remainder of this paper is divided into four sections. In Section 2 the data 
and processing procedures are described with emphasis on the accuracy of the 
measurements. Section 3 consists of a discussion of temporal variations in both the 
winds and oceanic data on weekly and monthly time scales. The fourth section is 
subdivided into a regression analysis of means, trends and harmonics at 1 and 2 
cycles per year (cpy) and a Fourier analysis of the residual variance around this 
regression. The results are checked for consistency against existing steady state and 
wave theories. The final section is a brief summary and discussion of the most sig-
nificant conclusions. 

2. The data 

The data analyzed in this study consist of 2½ years (January 1973-May 1975) 
of simultaneous wind, ocean temperature, and velocity measurements near the 
Island of Gan in the Indian Ocean. Wind stress data consist of 122 weekly averages 
computed from hourly measurements of speed and direction on the island. Ocean 
temperature and velocity were recorded nominally once a week down to = 200 m 
with a Diiing profiler. These oceanic time series consist of only about 90 profiles, 
however, because of equipment failures and other problems. A complete description 
of instrumentation and logistics can be found in Knox (1976) and Knox and Mc-
Phaden (1976). 

Knox (1974) has discussed the distortion of oceanic temperature and velocity 
fields close to Gan relative to conditions far upstream and downstream. The theory 
of Hendry and Wunsch (1973) predicts that such distortions due to an isolated 
island are minimal beyond one or two island diameters offshore in the cross-stream 
direction. Oceanic measurements for this study were typically made at or beyond 
these distances so that zonal velocity and temperature are likely to be representative 
of open ocean conditions. Meridional velocities, however, may be affected by the 
presence of the Maldive Islands chain running from near India to south of the 
equator along 73E. 

Knox (1976) has suggested as a pessimistic estimate of instrumental noise - 0.1 °C 
for temperature and = 25 cm sec-1 for velocity. In assessing the overall measure-
ment error, however, one must also consider aliasing of energetic higher frequencies 
as well. One possible source of aliased energy is internal equatorial inertio-gravity 
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waves at periods 3-5 days like those documented by Wunsch and Gill (1976) in the 
Pacific. However, Luther (1980) has not found evidence for their existence in the 
Indian Ocean so they are probably not a source of error in our data. Another pos-
sible source of aliased energy is the baroclinic M2 tide (period 12.4 hr) whose 
presence is evident in Eriksen's (1980) equatorial Indian Ocean spectra. The energy 
in this band is equivalent to 0(1 cm sec-1) in velocity and 0(l.0°C) in thermocline 
temperature. If this and higher frequencies are the primary source of aliased energy, 
then it is possible to crudely evaluate the total measurement error from an examina-
tion of profiles spaced = 1 day apart at a given location. Observed differences be-
tween such profiles must be due to a combination of both aliased energy and instru-
mental error assuming that changes in the true fields occur on much longer time 
scales. From three pairs of profiles, one can estimate a total measurement error of 
= 25 cm sec-1 for zonal velocity, = 20 cm sec-1 for meridional velocity, = 0.1 °C 
for temperature in the mixed layer and = l.0°C for temperature in the thermocline. 
Though based on only a limited amount of data, these estimates are reasonable 
given the discussion of instrumental and alias errors separately and will therefore 
be used in Section 4 to gauge the significance of various statistical constructs. In 
particular, it will be assumed that the above values represent one standard deviation 
of a Gaussian random noise process for u, v, and T. The corresponding value for 
wind stress will be taken as 0.1 dyne cm-2 on the assumption that individual stress 
estimates are accurate to within 10-20% of their true values. 

3. Temporal variations 

Weekly and monthly averaged data are plotted in Figure la-d. Monthly averages 
were obtained by smoothing the weekly estimates with a 61-day running mean 
filter and resampling every 30.5 days. Temperature and velocity are plotted for the 
depth ranges 0-20 m, 60-80 m and 160-180 m. The first interval is always within 
the mixed layer .The range 60-80 m corresponds typically to the upper thermocline 
where vertical temperature gradients are sharpest. The depth range 160-180 m is 
well below the maximum vertical. temperature gradient and close to the maximum 
depth considered in this paper. 

The dominant feature of the zonal winds (Fig. la) is a strong 2 cpy variation with 
maxima in April / May and October/ November. These extreme winds between the 
northeast and southwest monsoon drive zonal jets in the upper ocean as indicated 
by the 2 cpy current variations at 0-20 m and 60-80 m. Model studies (O'Brien 
and Hurlburt, 1974; Cane, 1980) indicate that these jets are in geostrophic balance 
with the density field which in the tropical oceans is primarily determined by 

temperature. 
An undercurrent structure similar to that found in the equatorial Atlantic and 

Pacific appears in February/March 1973 and 1975. This is a permanent feature of 
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Figure 1 (a) Zonal winds and zonal currents averaged over 20 m between 0-20 m, 60-80 m, 
and 160-180 m for the period Jan. 1973-May 1975. Smooth line is low passed version con-
sisting of monthly means. Stippling indicates the presence of an undercurrent. (b) Same as 
(a), except for meridional winds and currents. (c) Same as (a), except for temperature and 
mixed layer depth. (d) Same as (a), except for depths of the mixed layer, 26°C, 20°C, and 
14 °C isotherms. 

the Atlantic and Pacific circulation where steady easterlies drive a westward surface 
flow and a wind induced eastward pressure gradient force drives flow in the thermo-
cline to the east. It is a transient feature in the Indian Ocean because winds are 
dominated by mean westerlies and large seasonal variations. At 73E, it is only in 
late boreal winter that winds are easterly and the pressure gradient force in the 
thermocline is to the east. Note, however, that an undercurrent is not present in 
1974. Cane (1980) has suggested that the anomalously strong fall transition winds 
of 1973 may have inhibited the formation of an eastward pressure gradient force 
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in the thermocline the following winter. The lack of significant easterlies in early 
1974 may also have contributed to the failure of the undercurrent. 

Meridional winds and currents (Fig. 1 b) are less energetic than their zonal coun-
terparts. The winds in this figure display a dominant annual cycle of southerly flow 
during the southwest monsoon and northerly flow during the northeast monsoon. 
Conversely, the surface currents and those in the upper thermocline exhibit a weak 
2 cpy variation which is most likely related to zonal wind fluctuations at the same 
frequency. 

The temperature field has distinctly different characteristics at the three depths 
shown in Figure le. Temperature between 0-20 m varies smoothly between 27° and 
30°C with a period of 1 year. In Part II of this study we show that this temperature 
signal is due primarily to the variation of heat flux across the air-sea interface. By 
contrast, smoothed temperature in the upper thermocline (T60_80) exhibits a 2 cpy 
variation which is related to the transition jets: the thermocline is lifted or depressed 
differentially in latitude to achieve a geostrophic balance. Note that the coldest 
temperatures at this depth are registered in early 1973 and 1975 when an under-
current is present. This suggests a doming of isotherms above the core of the under-
current, as is typically observed in the Atlantic and Pacific Oceans. 

There is a great deal more high frequency variability in the upper thermocline 
than at depths either above or below. The fact that maximum temperature variance 
occurs at the depth of strongest vertical temperature gradient implies that tempera-
ture variability is controlled by vertical motion associated with an internal wave 
field. Evidence for the existence of an equatorial wave field is discussed in the 
following section. 

Mixed layer depth (MLD), defined as the first depth below the surface at which 
the vertical temperature gradient exceeds 5°C/100 m, is shallow when temperature 
in the upper thermocline is cold and vice versa (Fig. le). This correlation suggests 
that vertical motion of the thermocline, and therefore current and wave dynamics, 
determines MLD. Figure ld supports this view since the 26°C isotherm, which is 
always in the thermocline, closely tracks MLD. A corollary to this hypothesis, viz. 
that entrainment mixing is not important in the mass and heat balance of the mixed 
layer, is examined in Part II. 

Time series of Figure 1 exhibit a degree of interannual variability which is typical 
of the tropical oceans in general. For example, an undercurrent is present on average 
in late boreal winter near Gan though none was observed in 1974. Also, the 2 cpy 
variation in MLD is highly attenuated in 1974 compared to 1973. To assess the 
degree to which statistics derived from this 2½ year record will be representative 
of those derived from longer records, winds for the period 1963-1972 have been 
compared with those of 1973-1974 (Fig. 2). Monthly means are estimated from 
1 O (2) samples for the 10 (2) year period and annual means are the average of 
these. Standard deviations for annual and monthly means estimated from the 10 



162 l ournal of Marine Research (40, 1 

Zona l Winds: 1963-19 72 • 
1973-1974 X 

0.8 
X 

0.6 X 

I 
(\J 

1 
I 

E 04 l l 0 

Ql I I X 
C 0 .2 ! >, i "O 

0 

-0.2 

J F M A M J J A s 0 N D "i 

Meridional Winds : 1963- 1972 • 
1973-1974 X 

0.4 
(\J I i I 0.2 E ! 0 l ! Ql 0 

1 I C 

I -0.2 I 
- OA 

J F M A M J J A s 0 N D r 

Figure 2. Monthly and annual wind stress averages for the periods 1963-1972 and 1973-1974. 
Vertical bars are one standard deviation based on the 10-year period. 

year record are given by vertical bars. It is clear that interannual variability in zonal 
winds is greater than in meridional winds, especially in the transition months of 
April / May, October/ November. It is also evident that both transition and annual 
average zonal winds in 1973-1974 were significantly stronger than during the pre-
vious decade. We expect this anomalous behavior to be reflected in the ocean, given 
the strong correlation between zonal winds and currents evident in Figure 1 a, so it 
is unlikely that the years 1973-1974 are representative of the average climate at 
Gan. Thus it is necessary to exercise caution when generalizing the results of the 
following section, in which the data are examined for internal dynamical consisten-
cies, to other periods. 

4. Frequency analysis 

In this section we examine the frequency content of the data as a function of 
depth and attempt to reconcile the results with various equatorial ocean theories. 
The analysis proceeds in two stages. The first is to remove means, trends and vari-
ance at 1 and 2 cpy using standard linear regression techniques (e.g., Draper and 
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Smith, 1966). The annual and semi-annual harmonics are treated in this way rather 
than by Fourier analysis because they are not at Fourier frequencies. The second 
stage consists of estimating spectra, coherence and phase for the residuals about the 
regression. At both stages, there are brief discussions of the results from the perspec-
tive of equatorial ocean circulation theory. 

For any variable q, the regression equation is given by 

2 

q(t;) = A 0 + ATtJ + [A, sin (w,t + cp,)] + e(t1) {1) 
r=l 

where t1, j = 1, 2 ... , N is the set of N discrete sample times, A 0 is the mean, AT 
the trcbnd and E the residual about the regression. Ar and c/>r are amplitude and phase 
at frequency W r where the subscript r = 1 (2) denotes 1 (2) cpy. Results are obtained 
by subjecting time series to (1), assuming that the statistics within the 2½ year 
period are stationary. As noted earlier, however, there are some changes in low fre-
quency content between 1973 and 1974 (e.g., in MLD). Therefore, a number of 
calculations were redone for yearly segments covering 1973 and 1974 and ensemble 
averages of these were compared to results presented below. In all cases _the two 
representations agreed quantitatively. 

Selected results are presented in Figures 3-9 and Tables 1-2. Mixed layer quanti-
ties listed in Table 1 are defined according to 

where q is any one of (u,v,T), DJIL is the mixed layer depth at time t1 and integrals 
have been calculated using the trapezoidal rule. The standard error in MLD is taken 
to be 10 m and is derived from an uncertainty in thermocline temperature of 1 °C 
and a temperature gradient just below the mixed layer of= 1 °C/10 m. 

a. Means. Figure 3 shows mean temperature and velocity as a function of depth. 
Mean surface temperature (Fig. 3a) is 28.4°C and mixed layer depth is = 55 m. 
Mean zonal velocity (Fig. 3b) is = 35 cm sec-1 to the east in the mixed layer and 
decreases rapidly below. It does not reverse with depth in the upper 200 m, in con-
trast to undercurrent profiles in the Atlantic and Pacific. Meridional velocity (Fig. 
3c) is southward down to 100 m with a maximum speed of = 10 cm sec-1• Mixed 
layer means (Table 1) are identical (within the limits of uncertainty) to those de-
fined over 0-20 m consistent with the weak gradients above the thermocline in 
Figure 3. Mean winds are from the west and south at 0.24 and 0.05 dyne cm-2

, 

respectively (Table 2). 
One can estimate the magnitude of the mean zonal pressure gradient as p., = 

0(rt"'>,/H) where H is the depth at which vertical turbulent shear stresses vanish. 
For rt"'> = 0.24 dyne cm-2 and H = 200 m, this yields a westward pressure gradi-
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Figure 3. (a) Temperature, (b) zonal velocity and (c) meridional velocity means as a function 
of depth. Dashed lines segments are not different from zero at the 95% level of confidence. 
Mean mixed layer depth from Table 1 is indicated by the arrow. 

Table 1. Regression parameter estimates for mixed layer temperature (in °C), velocity (in cm 
sec-1) and depth (in m). Phases are in radians relative to 1 Jan. 1974. Residual variance 
around the regression is designated <r. Amplitude and phase estimates are significantly non-

zero at the 95% level of confidence unless otherwise noted. 

1 cpy 2 cpy 
A. A, <J,,h r A2 <J,, l 'TT <r 

U1,11, 32.9 25.3 0.68 80.0 -0.93 1.3 X 108 

V MI, - 11.7 0.7* 0.24* 8.4 0.33 4.5 X 102 

TML 28.4 0.71 -0.30 0.35 -0.68 1.7 X 10-1 

D,n 55.2 10.9 0.63 12.5 0.77 2.8 X 102 

* Not signifi cant. 

Table 2. Regression parameter estimates for wind stress ( in dyne cm-'). Phases are in radians 
relative to 1 Jan. 1974. Residual variance around the regression is designated <r. Amplitude 
and phase estimates are significantly nonzero at the 95% level of confidence. 

1 cpy 2 cpy 
A. A, <J,,l 'TT A, <J,,l'TT <r 

T (z> 0.24 0.10 0.70 0.29 -0.86 4.4 X 10-• 
7' ( )' ) 0.05 0.19 -0.57 0.07 -0.80 1.6 X 10-• 

ent force of 0(10- 5 dyne cm-3) which agrees with direct measurements in the 
Indian Ocean (Taft and Knauss, 1967; Eriksen, 1979). According to linear theories 
of the steady circulation (e.g., McPhaden, 1981; McCreary, 1981), this gradient 
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Figure 4. Two representations of the zonal wind field, one evenly sampled every week from 
Jan. 1973-May 1975 (N=122) and one sampled with the same uneven sample spacing as the 
oceanic data (N=91). Thin line is a low pass version consisting of monthly means. 

should drive a westward flow in the thermocline. The observed flow, however, is to 
the east indicating the importance of nonlinearity in the steady response to westerly 
winds. 

The observed southward flow in Figure 3c cannot be reconciled with local mean 
winds which one would expect to drive a frictional flow to the north. A more likely 
explanation is in terms of wind stress curl where from Sverdrup theory, meridional 
transport is given by 

1 
V = p/3 curl T (2) 

Calculated from the data in Figure 3c, V = - 9 x 104 cm2 sec-1 • Calculated from 
f3 = 2.3 x 10-13 cm - 1 sec-1 and a regional long-term mean wind stress curl of 
= - 5 x 10-9 dyne cm-a (from Evenson and Veronis, 1975), V = - 2 X 104 cm2 

sec-1 • The discrepancy in magnitudes is not too disturbing considering the crude-
ness of curl calculations in Evenson and V eronis, the fact that V calculated for the 
years 1973-1975 may not be representative of the longer term mean and the fact 
that Sverdrup theory may hold only in approximate form due to the importance of 
nonlinearity. On the other hand, the agreement in sign between the two calculations 
can be viewed as a partial validation of (2). 

b. Trends. Analyzed zonal velocity and temperature fields indicate the presence of 
strong linear trends, though they are probably not physically significant. Figure 4 
shows two time series of zonal winds, one sampled evenly once per week for the 
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Figure 5a. Zonal velocity amplitude and phase (relative to 1 Jan. 1974) as a function of depth 
at 2 cpy. Dashed line segments are not different from zero at the 95% level of confidence. 
Mean mixed layer depth from Table 1 is indicated by the arrow. 

period January 1973-May 1975 and the other sampled unevenly at the same spacing 
as the oceanic data. Compared to the evenly spaced data, the unevenly spaced data 
show a clear downward trend over the last two years of the record because peak 
winds in November 1974 and April 1975 were missed. The seasonal cycle bas been 
aliased into longer term variability, an effect that is likely to be present in the 
oceanic data as well. On the other hand, this aliasing error affects the average mag-
nitude of the seasonal cycle only slightly; calculations of mean and harmonics at 1 
and 2 cpy were not significantly different from one value of N to the other. 

c. Semi-annual harmonic. Figure 5 shows the amplitude and phase of the 2 cpy 
harmonic as a function of depth for both zonal velocity and temperature. Zonal 
velocity (Fig. Sa) is significantly nonzero from the surface to 180 m. In the mixed 
layer its amplitude and phase are uniform with depth and it is nearly in phase with 
the 2 cpy zonal winds (Table 2). Phase below the mixed layer increases slowly with 
depth such that flow at 160-180 m leads that at 60-80 m by = 1r / 4 radians or 
three weeks. 

Temperature (Fig. Sb) at 2 cpy is largest in the upper thermocline where it lags 
u by = 1r/4 radians; it is nearly in phase with DML (Table 1) at this depth as we 
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Figure 5b. Same as Figure 5a, except for temperature. Also shown is the phase lag between 
T and u. Positive lag means T lags u and vice versa. 

would expect from the discussion of Figure 1 c,d. At greater depths, temperature 
falls below the noise level. The 2 cpy signal in the mixed layer is due to surface 
heating (Part Il) and will not be further discussed here. Meridional velocity is· not 
shown in Figure 5 since it is significant only in the mixed layer (Table 1). 

The in-phase relationship between winds and surface currents at 2 cpy indicates 
a highly turbulent boundary layer in which currents respond instantaneously to ex-
ternal forcing. Below this boundary layer, however, the upward phase propagation 
evident in Figure Sa is consistent with a net downward radiation of equatorial wave 
energy (Wunsch, 1977; McCreary, 1980). In particular, for a Kelvin wave in an 
unbounded ocean 

v=O 

T = Uo ( :~ )112ej(c.,t-b-m•-1r/2) 

(3a) 

(3b) 

(3c) 

where (k,m) are (zonal, vertical) wavenumbers, g is gravity, ex is the coefficient of 
thermal expansion and T. is the vertical temperature gradient (assumed constant). 
Using observed magnitudes of Uo = 50 cm sec-1 and r. - 10-a0c cm-1 in the 
upper thermocline, (3c) predicts the observed temperature amplitude of - 1 °C; (3c) 
is also consistent with the drop in 2 cpy temperature amplitude below 100 m since 
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both u0 and Tz decrease rapidly in this region. The lack of significant meridional 
velocity is expected from (3a). The depth variation of uo is not explicit in (3b); it 
may be due to varying stratification or to the fact that the wave field is not of in-
finite zonal extent as (3) implies (McCreary, personal communication). 

For the Kelvin wave solution (3), zonal velocity leads temperature by a quarter 
of a cycle. The observed lead in the upper thermocline, where both u and T are 
significantly nonzero, is an eighth of a cycle ( = TT/ 4 radians). One possible explana-
tion for this discrepancy is that in addition to a Kelvin wave, non-dispersive Rossby 
waves are present as well. For those modes with u symmetric about the equator, 
v = 0 near the equator and u lags T by a quarter cycle. A mix of Kelvin and less 
energetic Rossby waves could thus account for the observed phase between u and 
T and at the same time be consistent with a weak meridional velocity signal. An-
other possibility is that the velocity field is advecting the temperature field not only 
vertically, as implied by (3), but also horizontally. Horizontal temperature gradients 
in the vicinity of Gan are extremely weak however, (Wyrtki, 1971; Colburn, 1974), 
so this effect is likely to be small. 

d. Annual harmonic. The annual harmonic of zonal velocity is typically much 
weaker than the semi-annual harmonic so that a detailed dynamical interpretation 
as in Section 4c is not warranted. There are two points worth noting, however, in 
regard to the 1 cpy variations. First, surface currents and winds are in phase (Tables 
1,2) implying that there may be a dynamical connection between them. Second, the 
mixed layer temperature signal at 1 cpy is twice that at 2 cpy (Table 1) which is 
the converse of the situation in the upper thermocline. This reflects the fact that 
surface heating controls temperature in the mixed layer, whereas current and wave 
dynamics control temperature in the thermocline. 

e. Residual variance (er). Residual variance as calculated from (1) is typically 
greater than the assumed noise variance. For example, Table 1 lists a-2 = 1300 cm2 

sec-2 for zonal velocity which is about twice the assumed noise variance of 625 
cm2 sec-2• In this section it is shown that a significant percentage of the residual 
variance can be rationalized in terms of equatorial waves. Before presenting our 
results, we briefly review some of the salient characteristics of these waves. For a 
more detailed discussion, the reader is referred to Moore and Philander (1977). 

Equatorial waves come in three basic varieties: inertio-gravity waves at high 
frequency, Rossby waves at low frequency and Kelvin waves at all frequencies. The 
Rossby waves can be further subdivided into long, nondispersive and short, disper-
sive waves that radiate energy to the west and east, respectively. There is, in addi-
tion to these three groups, a Yanai or mixed Rossby-gravity wave that behaves as 
a gravity wave at high frequency and a short Rossby wave at low. In the frequency 
gap between = 1 week and = month, this and the Kelvin wave are the only allow-
able free modes. 
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Each of these wave classes has distinct spectral characteristics which have been 
discussed by Eriksen (1980, 1981) in some detail. The ratio of zonal-to-meridional 
kinetic energy (Eu;v) for inertio-gravity, long Rossby, short Rossby and Kelvin 
waves is typically= 1, > 1, < 1 and oo, respectively. The corresponding ratios of 
potential-to-horizontal kinetic energy (EP;K) are = 1, < 1, > 1, and 1. The exact 
magnitudes will depend on latitudinal position because the meridional wavenumber 
is discretized with the equator being a line of symmetry. For instance, near the 
equator the mixed Rossby gravity wave has more energy in this meridional than its 
zonal component and more horizontal kinetic than potential energy at all frequencies. 

Coherence and phase for a particular wave process is a function of the frequency-
wavenumber bandwidth. For a narrow band process, flow components associated 
with a particular wave will be highly coherent and exhibit well-defined phase rela-
tionships. Moreover, coherence length and depth scales will be large. On the other 
hand, a broad band wave process is characterized by poor coherence between flow 
components and short coherence lengths. 

To test for the existence of equatorial waves, we compare computed spectra, 
spectral ratios (Eu;v, EP/K), coherence (y) and phase with those expected from 
theory. This procedure has been used elsewhere (e.g., Fofonoff, 1969; Eriksen, 
1980) for data well below the surface boundary layer where diabatic effects, dissipa-
tion, nonlinearity and wave-mean current interactions could be assumed small. We 
are not a priori justified in making such assumptions so that the interpretation of 
our data in terms of linear wave theory must be phrased with these processes in 
mind. 

Periodograms were calculated for u, v, and T and were found to exhibit very 
little narrow band frequency structure. To maximize reliability, they were therefore 
averaged over three bands of equal width, viz. 0-6 cpy, 6-12 cpy and 12-18 cpy, 
each of which has about 20 degrees of freedom. The particular choice of frequency 
bands is motivated by the expectation that mixed Ross by-gravity and/ or Kelvin 
waves will be important between 12 and 18 cpy (20-30 days) and that at lower fre-
quencies, Kelvin and/ or Rossby waves will dominate. The intermediate band (6-12 
cpy or 30-60 days) corresponds to a region of well documented broad band atmo-
spheric variability (Madden and Julian, 1971, 1972) which Chang (1976) has in-
terpreted as an atmospheric equatorial Kelvin wave. Moreover, Luther (1980) has 
found evidence for a low baroclinic mode oceanic Kelvin wave at periods of 35-80 
days in Pacific sea level records which he has interpreted as a response to this at-
mospheric disturbance. 

Spectral estimates of u,v, and Tat three reference depths are shown in Figure 6. 
Temperature and zonal velocity spectra tend to be red whereas meridional velocity 
spectra are white. There is more kinetic energy near the surface than below; tem-
perature variance on the other hand decreases both above and below the 60-80 m 
level. Also plotted is the spectrum of MLD which is very similar in shape to the 
spectrum of temperature at 60-80 m. 
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Figure 6. Frequency power spectra of (a) temperature (b) zonal velocity and (c) meridional 
velocity at selected depths. The spectrum of MLD (dashed line) is also shown in (a). Error 
bars are for one standard deviation of a x' distributed random variable. Extended horizontal 
lines along the abscissae indicate the power density level for a white noise spectrum. The 
noise power density for To-20 is off-scale at s x10-<•c•cpy-1• 
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Figure 7. Spectral ratios of (a) zonal to meridional kinetic energy (Eu1v) and (b) potential to 
horizontal kinetic energy (EP1x) at selected depths as a function of frequency. Dot/dashed 
lines indicate the 200 m average of these quantities. Dashed lines indicate the range of ratios 
not significantly different from unity at the 95% level according to the F-test. 

Computed spectral ratios, Eu;v and EP/K, are shown in Figure 7. These are de-
fined as 

E u E p 
E u;v = Ev ' EP,1K = E u + Ev 

where Eu= U2/ 2, Ev= V 2/ 2 and EP = gaT2/ 2Tz and where U,V and T are 
band passed versions of the data. Also shown are 200 m averages computed from 
the sum of ratios at individual depths. In calculating EP/K, we used the average 

temperature gradient for a particular depth, e.g., Tz = 1.2 x 10-s0 c cm- 1 for 
60-80 m, etc. In computing depth averaged EP/K, diabatic effects in the mixed layer 
were filtered out by setting T2 = 0 there. Dashed lines bracket the range of ratios 
that are not significantly different from unity at the 95% level according to the 
F-test. It is evident that in the lowest two frequency bands, zonal kinetic energy 
significantly exceeds meridional, while in the highest frequency band they are com-
parable (Fig. 7a). In all these bands there is less potential energy than horizontal 
kinetic energy though the ratio does not always pass the significance test at a par-
ticular depth (Fig. 7b). These results are consistent with the presence of both 
Kelvin and long Rossby waves between 0-12 cpy. In the highest frequency band, 
one would expect Eu;v < 1 if mixed Rossby-gravity waves dominate. The observed 
ratio could be due to a mix of Kelvin and Ross by-gravity waves and/ or to the 
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Figure 8. Frequency power spectra of winds. Error bar is for one standard deviation of a )t 
distributed random variable. Extended horizontal lines along the abscissa indicate the power 
density level for a white noise spectrum. 

influence of mean currents which enhance zonal kinetic energy of high frequency 
mixed Rossby-gravity waves near the equator (McPhaden and Knox, 1979). The 
ratio EP; K is consistent with either of these possibilities. However, noise levels in 
this band are relatively high (see Fig. 6) so that inferences about the wave field 
between 12-18 cpy are subject to considerable uncertainty. 

Coherence estimates indicate that equatorial waves have been excited over a 
broad band of horizontal and vertical wavenumbers. In particular, there is no sig-
nifi.cant coherence at the 95% level between u, v, and T at a given depth in any 
frequency band. Moreover, coherence depth scales for surface velocity are = 100 m 
as are those for temperature and velocity in the thermocline. Doubling the frequency 
resolution does not lead to substantially different coherences, suggesting that these 
results are not an artifact of the frequency averaging. 

Phase is uniform over the vertical coherence scales indicating that energy is in the 
form of vertical standing as opposed to propagating modes. Such an interpretation 
requires no local energy sources to account for the observed variability, since stand-
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Figure 9. Coherence squared (y ) between zonal winds and selected oceanic variables as a 
function of frequency. Dashed lines indicate 95% level of zero significance. All significant 
non-zero covariance is in phase. Variables are abbreviated u. = Uo- 20 , etc. 

ing modes can radiate energy over large horizontal distances by reflections off the 
bottom and vertical boundaries. However, this does not exclude the possibility of 
local generation which is now investigated. 

Wind spectra (Fig. 8) are white and indicate more energy in the zonal component. 
Cross-spectral calculations show that the meridional winds are incoherent with not 
only zonal winds, but also oceanic fluctuations at all frequencies and depths. On 
the other hand, zonal wind at periods 30-60 days is highly coherent with zonal 
currents down to 100 m accounting for as much as 50% of the zonal velocity vari-
ance (Fig. 9); it is also significantly coherent with MLD and upper thermocline 
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temperature. In each case the variations occur in phase. Conversely, coherence with 
meridional velocity is not significant at any depth. These coherence and phase struc-
tures may indicate the presence of an atmospherically forced oceanic Kelvin wave 
response similar to that described by Luther (1980). If so, it appears to be spread 
over a broader band of vertical wavenumbers than in the Pacific, perhaps because 
Luther's (1980) sea level data effectively filter out all but the lowest baroclinic 
mode. Alternately, one could interpret the coherences in Figure 9 in terms of wind 
driven surface currents without involving equatorial wave theory. In any case one 
can view the residual variance (CT2

) as a free wave continuum on which is superim-
posed forced motion between 6-12 cpy. 

S. Summary and discussion 

We have examined 2½ years of simultaneous wind, ocean current and tempera-
ture data from Gan in the central equatorial Indian Ocean. These data lack hori-
zontal resolution because they derive from a single location, but the temporal and 
vertical resolution in the upper 200 m is well suited for testing various dynamical 
hypotheses. To this end, means, trends, and variance at 1 and 2 cpy were removed 
by regression analysis and, along with the residual variance, were compared to 
existing ocean circulation theories. The most significant conclusions are summarized 
and discussed below. 

Zonal mean currents are eastward from the surface to 200 m indicating that 
nonlinearity is important in the mean momentum balance of the thermocline. This 
nonlinearity is primarily due to the downward advection of mean eastward mo-
mentum from the surface (Cane, 1979; Philander and Pacanowski, 1980a) and may 
secondarily be due to rectification of the response to harmonic forcing (Philander 
and Pacanowski, 1980b). In contrast, the steady state dynamics of the Pacific and 
Atlantic undercurrents are essentially linear (McCreary, 1981; McPhaden, 1981) 
suggesting an asymmetry in the equatorial response to prevailing easterlies and 
westerlies. 

The amplitude and phase of semi-annual variations below the mixed layer sug-
gest that energy is propagating downward in the form of equatorial Kelvin and non-
dispersive Rossby waves. Luyten and Roemmich (1981) found that similar dis-
turbances penetrate at least 750 m below the surface to the west of Gan. However, 
in neither this study nor Luyten and Roemmich have vertical wavelengths been re-
solved. It is not clear, therefore, whether a dynamical connection exists between 
these fluctuations and the deep stacked jets observed by Luyten and Swallow (1976) 
since the latter vertical wavenumber content was resolved but frequency content 
was not. 

Residual variance about the regression can be interpreted as a continuum of free 
equatorial waves. Spectral characteristics suggest that Kelvin and long Rossby waves 
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dominate between 0-12 cpy and that Kelvin and Rossby-gravity waves may be 
present between 12-18 cpy. It is lik ely that this continuum extends to higher fre-
quencies as well. To the west of Gan, Eriksen (1980) bas determined that Kelvin 
and Rossby-gravity waves dominate deep ocean spectra at periods between one and 
three weeks and that inertio-gravity waves dominate between one week and two 
days. 

Oceanic fluctuations are highly coherent with zonal winds in the band 6-12 cpy 
suggesting a forced component to the fl.ow at these frequencies. Moreover, this 
coupling between winds and currents may exist throughout the tropics given the 
large zonal scales of the 30-60 day winds (Madden and Julian, 1971; 1972). Indeed, 
Luther's (1980) results, which indicate an energetic disturbance between 35-80 days 
in Pacific Ocean sea level, support this hypothesis. 

We have suggested that wind and wave induced vertical motion in the tbermo-
cline controls mixed layer depth. Further evidence presented in Part II supports 
this hypothesis on monthly time scales. Specifically, turbulent energy due to wind 
stirring and shear instability is in general too weak to entrain fluid across the base 
of the mixed layer. Also, a one-dimensional beat balance for the mixed layer with 
no entrainment beat flux at the base accounts for most of the observed SST vari-
ability. 
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