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Abstract. The zonal circulation south of Sri Lanka is an important link for 
the exchange of water between the Bay of Bengal and the Arabian Sea. Results 
from a first array of three moorings along 80ø30'E north of 4ø10'N from January 
1991 to March 1992 were used to investigate the Monsoon Current regime [Schott 
et al.• 1994]. Measurements from a second array of six current meter moorings 
are presented here. This array was deployed along 80ø30'E between 45'S and 5øN 
from July 1993 to September 1994 to investigate the annual cycle and interannual 
variability of the equatorial currents at this longitude. Both sets of moorings 
contribute to the Indian Ocean current meter array ICM8 of the World Ocean 
Circulation Experiment. The semiannual equatorial jet (E J) was showing a large 
seasonal asymmetry, reaching a monthly mean eastward transport of 35 Sv (1 Sv 
- 1 x 106 m 3 s -1) in November 1993, but just 5 Sv in May 1994. The Equatorial 
Undercurrent (EUC) had a maximum transport of 17 Sv in March to April 1994. 
Unexpectedly, compared to previous observations and model studies, the EUC was 
reappearing again in August 1994 at more than l0 Sv transport and was still flowing 
when the moorings were recovered. In addition, monthly mean ship drifts near the 
equator are evaluated to support the interpretation of the moored observations. 
Interannual variability of the EJ in our measurements and ship drift data appears 
to be related to the variability of the zonal winds and Southern Oscillation Index. 
The output of a global numerical model (Parallel Ocean Climate Model) driven by 
the winds for 1993/1994 is used to connect our observations to the larger scale. The 
model reproduces the EJ asymmetry and shows the existence of the EUC and its 
reappearance during summer 1994. 

1. Introduction 

The area south of the Indian subcontinent is an im- 

portant bottleneck for the exchange of water masses 
between the two northern basins of the Indian Ocean, 
the Arabian Sea and the Bay of Bengal. A first set 
of three moorings, part of the Indian Ocean current 
meter array ICM8 of the World Ocean Circulation Ex- 
periment (WOCE), was deployed in this area north of 
4ø10'N and the coast between January 1991 and March 
1992 to study the Monsoon Currents [Schott et al., 
1994]. These data revealed a quite shallow Monsoon 
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Current system, decaying rapidly in the vertical in the 
upper 100 m. While the transport immediately south 
of Sri Lanka could be well determined from the array 
observations, it remained unclear how far equatorward 
the Monsoon Current in either of the monsoon phases 
would extend. Some speculations were made for the 
latitude belt 2 ø- 5øN in that first analysis, based on cli- 
matological and ship section data. A second array of 
current meter moorings was deployed during July 1993 
to September 1994, extending the first line across the 
equator to 0ø45'S to investigate the equatorial currents 
and extend the observations of the Monsoon Current 

system. The scope of this article is to present and dis- 
cuss the seasonal cycle of the currents and transports 
along 80ø30'E at and north of the equator from these 
measurements and to point out some striking anomalies 
in the equatorial circulation as compared to our prior 
knowledge from climatological observations. 
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The circulation of the northern Indian Ocean is 

strongly influenced by the reversing monsoons. The 
most prominent feature is the reversal of the Somali 
Current at the western boundary during the annual cy- 
cle. During the NE monsoon, between November and 
February, the southward Somali Current carries water 
from the Arabian Sea across the equator in the near- 
surface layer [$chott et al., 1990]. Between 2 ø and 4øS 
the current meets the East African Coast Current and 

feeds into the eastward South Equatorial Countercur- 
rent (SECC) [Diiing and $chott, 1978]. South of Sri 
Lanka, climatological maps of ship drifts [Cutler and 
Swallow, 1984; Rao et al., 1989] and the measurements 
from the first set of moorings [Schott et al., 1994] show 
the Northeast Monsoon Current (NMC) to flow west- 
ward during that time. The transport of the shallow 
NMC was 12 Sv in January/February 1991 and 10 Sv 
during the same period in 1992. The connection be- 
tween the western boundary regime off east Africa and 
the Monsoon Current regime is, so far, unknown. Low- 
salinity surface waters west and northwest of Sri Lanka 
originating from the Bay of Bengal during this time 
[Wyrtki, 1971] demonstrate the area to be crucial for 
the exchange of water between the Bay of Bengal and 
the Arabian Sea. This is supported by the climatolog- 
ical ship drift data [Cutler and Swallow, 1984]. They 
show southward surface currents along the east coast of 
India, a westward extension of the NMC in the 2 ø- 6øN 
latitude band, and a northward boundary current along 
the western coast of India. Hydrographic data from 
December 1987 and January 1988 also showed a 200-m- 
deep northward boundary current and indications for a 
southward undercurrent along the west coast of India 
[Sherye et al., 1991]. 

During the SW Monsoon (June-September) the cross- 
equatorial Somali Current flows northward, feeding into 

the Great Whirl that is located off the coast of Somalia 

between 5 ø and 10øN [e.g., $chott et al., 1997; Fischer 
et al., 1996]. During that time the Southwest Mon- 
soon Current (SMC) south of Sri Lanka flows eastward 
[Cutler and Swallow, 1984; $chott et al., 1994]. The 
$MC just reaches down to about 100 m depth, as well, 
and its transport was 8 Sv north of 3ø45'N during June 
1991. Extending the current to 2øN and using ship- 
board measurements and ship drift currents resulted in 
a transport estimate of 15 Sv [Schott et al., 1994]. Hy- 
drographic sections west of India between June and Au- 
gust 1987 revealed a southward surface current within 
the upper 75 to 100 m with a poleward undercurrent 
underneath [Shetye et al., 1990]. This is to be ex- 
pected for the climatological wind stress field and Ek- 
man transport situation during that monsoon phase. 
On the other hand, geostrophic and direct current mea- 
surements along 8øN off the Indian continental slope in 
August 1993 [Stramma et al., 1996] showed a north- 
ward surface boundary current but for a wind situation 
that differed from the climatology in having a north- 
ward component. During the same time a westward 

current was observed just south of Sri Lanka [Schott 
et al., 1994], suggesting supply of this northward cur- 
rent. Typically, a northward surface current exists dur- 
ing this time of year along the east coast of India as hy- 
drographic measurements from March and April 1991 
[Sherye et al., 1993] and the ship drifts [Cutler and 
Swallow, 1984] indicate. 

Model studies [e.g., McCreary et al., 1993] suggest 
that the currents around India are affected by baroclinic 
Kelvin waves that propagate around the subcontinent. 
One of their generation mechanisms is through east- 
ward equatorial Kelvin waves propagating up the east- 
ern Bay of Bengal; and, in fact, such a westward near- 
coastal pulse, embedded in the eastward SMC, was seen 
in shipboard observations of July 1993 [Schott et al., 
1994]. 

In the equatorial band covered by the array, two 
circulation features stand out. During the transition 
phases between the two monsoons, April/May and Oc- 
tober/November, an eastward equatorial jet [Wyrtki, 
1973] is driven by westerly winds along the equator. It 
exists throughout the whole zonal extent of the equato- 
rial ocean and reaches current amplitudes of more than 
80 cm s -x [Reverdin, 1987]. Visbeck and $chott [1992] 
have shown, in an analysis of Geophysical Fluid Dy- 
namics Laboratory (GFDL) model data, that semian- 
nual equatorial waves can explain most of the variance 
of these jets. They supply the Kelvin wave signals as- 
sociated with the northern boundary variability of Mc- 
Creary et al. [1993]. 

Underneath the equatorial jet (E J), an Equatorial 
Undercurrent (EUC) exists, but not throughout the 
whole year as in the Atlantic or Pacific Oceans. Obser- 
vational evidence on the EUC is scarce. It was shown 

in equatorial current profiles across the equator between 
53 ø and 92øE in March and April 1963 with speeds of up 
to 80 cm s -x, while it was not existent during the SW 
Monsoon [Taft and Knauss, 1967]. A nearly 2-year-long 
time series (January 1973 to October 1974) of equato- 
rial temperature and current profiles within the upper 
300 m off the Addu Atoll (73øE) showed the EUC with 
maximum zonal velocities of about 100 cm s -x during 
March of the first year, while it was absent during the 
second year [Knox, 1976]. Sections along 55ø30'E dur- 
ing February to June 1975 and 1976, again, showed the 
existence of the undercurrent in both years with speeds 
of about 80 cm s -x [Leetmaa and $tommel, 1980]. The 
conditions for EUC occurrence, i.e., the setup of an east- 
ward subsurface pressure gradient, were found to de- 
pend on the traveling time and reflection of equatorial 
Kelvin and Rossby waves in response to equatorial wind 
forcing. The wave mechanism could be used to explain 
the difference between the 1973 and 1974 observations 
from the interannual differences in the observed winds 

[Cane, 1980]. 
In this presentation we show time series of the EJ and 

EUC transports and find some astonishing deviations 
from our preconceptions. First, the EJ is anomalously 
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small in northern spring of 1994 and large in fall 1993; 
and, second, we find, besides the existence of the EUC 
during February to June, its reoccurrence into a well- 
developed state toward the end of the time series, in 
August/September 1994. 

By analyzing the output fields of a numerical model, 
we relate our observations to the larger scale, both 
in time and space. We use monthly mean current 
fields from the 1/4 ø primitive equation model, known 
as the Parallel Ocean Climate Model (POCM), forced 
by monthly mean European Centre for Medium-Range 
Weather Forcasts (ECMWF) winds, which was run for 
4 years (April 1986 to December 1989), following the 32- 
year-long run of the 1/2 ø model as described by Semtner 
and Chervin [1988,1992]. We will compare its seasonal 
variability with ship drifts at the surface and with our 
moored observations. The meridional circulation and 

heat fluxes of this 1/4 ø model have been investigated 
for the Indian Ocean by Garternicht and Schott [1997]. 
Only recently have data from the POCM driven by daily 
ECMWF winds become available, including the deploy- 
ment period of the moorings. On the basis of these, we 
will mainly investigate the behavior of its equatorial 
jet and Equatorial Undercurrent in comparison to our 
measurements. Detailed information about the model 

versions used were given by Stammer et al. [1996], who 
globally compared them with TOPEX/POSEIDON al- 
timetry data•and WOCE hydrography with respect to 
the large-scale circulation. The model variability was 
found in that study to be low by about a factor of 2 or 
4 over a broad spectral range. 

2. Observations 

An array of six current meter moorings (K4-K9), the 
second set of moorings within the WOCE ICM8 array, 
was deployed along 80ø30'E (Figure 1) between 45'S 
and 5øN from July 1993 to September 1994. The moor- 
ings were equipped with Aanderaa rotor current me- 
ters (RCMs) at several depth levels (Figure 2), and 
five stations carried upward looking, 150-kHz acous- 
tic Doppler current profilers (ADCPs) at about 180 m 
depth. The equatorial mooring carried an additional 
75-kHz ADCP looking down from just below the up- 
ward looking ADCP, yielding high-resolution measure- 
ments down to 770 m depth (Plate 1). The northern- 
most mooring in this second array repeated the position 
of the central mooring (K2) of the first deployment. 

While the measurements from the ADCPs are inter- 

polated to constant depths, the depths of the RCM time 
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Figure 1. Topography of the Indian Ocean and the positions of moorings K1 to K9 (circles) 
along 80ø30'E south of Sri Lanka. 
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Figure 2. Topography along 80ø30'E and current me- 
ter distribution on moorings K1 to K9. Solid circles 
indicate instruments that worked for more than 1 year, 
stippled circles indicate instruments with shorter time 
series, and open circles show positions of instruments 
that did not deliver data. The beams indicate acous- 

tic Doppler current profilers (ADCPs). K1-K3 (dashed 
lines) were deployed from January 1991 to March 1992, 
K4-K9 were deployed from July 1993 to September 
1994; K4 repeated the position of K2. 

series are the mean depths of the instruments. The 
depths of the ADCPs are calculated from the surface 
backscatter signals [Visbeck and Fischer, 1995]. The 
level of useful data that was closest to the surface for 

all ADCPs is the 25-m level; the layer above is contam- 
inated owing to the vertically traveling sidelobe echos 
from the sea surface. 

Vectors of the 40-hour low-passed velocities are shown 
(rotated 90 ø anticlockwise) for the two moorings that 
are representative for the two current regimes, the Mon- 
soon Current and Equatorial Current regime in Fig- 
ures 3a and 3b, respectively. At the northernmost 
mooring the surface currents (Figure 3a) are eastward 
during the deployment of the moorings with values of 
about 50 cm s -1, while they turn westward in Octo- 
ber 1993 with maximum westward values of more than 

100 cm s -1 in January 1994. The currents change di- 
rection again in April 1994 and remain eastward until 
the recovery of the moorings in September 1994, reach- 
ing a second eastward maximum during July/August. 
This structure can still be seen at 100 m depth but at 
strongly decreased amplitudes. Below that depth the 
currents are more variable but have a tendency to be 
oriented eastnortheastward and westsouthwestward, re- 
spectively, which might be due to the currents following 
the orientation of the continental shelf in that region. 
An upward phase propagation of the signals is detected, 
as was discussed in the earlier deployment [$chott et al., 
•4]. 

At the equatorial mooring (Plate la and Figure 3b), 
strong eastward surface currents during September 1993 

to January 1994 exceeding 150 cm s -1 are the domi- 
nant signal. A second period of eastward flow during 
March until May/June is much weaker (50 cm 
This is different from the climatological ship drifts in 
which the EJ surface currents are smaller in north- 

ern fall than spring [Reverdin, 1987]. At the 100-m 
level, however, the eastward flow during February-June 
is stronger than at the surface, the expression of the 
EUC. During July-September 1994 an eastward under- 
current appears again on the equator, in contrast to 
prior knowledge that the EUC only occurs in northern 
spring. For the deeper levels an upward phase propa- 
gation of the currents can be detected. 

Annual mean velocities, standard deviations, and 
fluctuating kinetic energies (FKE) of the 40-hour low- 
passed time series are presented in Table 1. The statis- 
tics are not applied to the whole time series but be- 
tween August 1, 1993 and July 31, 1994, to avoid a bias 
by the annual signal. The mean values are mapped in 
Figure 4. Within the upper 200 m in the equatorial 
region reaching northward to the mooring at 2ø10'N an 
eastward mean current of more than 22.5 cm s -1 ex- 
ists. At the surface this is due to the dominance of 

the 1993 fall EJ (Figure 3b), and in the thermocline 
it is caused by the reoccurrence of the EUC. This an- 
nual mean eastward flow is therefore, most likely, not 
representative of the overall mean near-surface zonal 
equatorial circulation. The zonal mean component is 
negative at the deeper equatorial levels, but one does 
not identify a westward Intermediate Current core in 
the well-covered ADCP range underneath the EUC, as 
found in the other oceans. The mean eastward flow 

within the upper 100 m in the region of the Monsoon 
Current is in agreement with the findings of the first 
array and results in a mean westnorthwestward rem- 
nant of the NMC in the annual mean. At the equa- 
tor a change of sign in the mean meridional velocities 
would take place either if long equatorial Rossby waves 
of odd meridional modes (those have a zonal current 
maximum at the equator and the meridional velocities 
change sign at the equator) are disturbed, e.g., by inter- 
annual variability, or when equatorial convergences and 
divergences would not average out over an annual cycle. 
The maximum mean meridional currents are located at 

0ø45'N, where we found the strongest meridional cur- 
rents. 

The FKE decreases fast with depth. The maximum 
values of more than 1400 cm 2 s -2 at the 25-m level 

at the equator drop to less than 100 cm 2 s -2 at the 
600-m level. The statistical values at the northernmost 

station (K4) are similar to those from the first array 
[$chott et al., 1994]. Mooring K2, which was deployed 
during 1991-1992 at the position of the present mooring 
K4, was not equipped with an upward looking ADCP 
and had its upper RCM at 144 m depth. Annual mean 
zonal flow at that depth (-6.1+12.6 cm s -1) and merid- 
ional velocities (-1.8+9.6 cm s -1) as well as the FKE 
(125 cm •' s -2) agree well with the values measured 2 
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Plate 1. (a) Zonal and (b) meridional 40-hour low-passed velocities at the equatorial mooring 
as measured by the two ADCPs. 
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Table 1. Annual Means and Standard Deviations of 
Current Meter Time Series, August l, 1993, to July 31, 
1994 

Record East North 

Depth, Component, Component, FKE• 
m cm s -• cm s -x cm •' s -2 

25 
100 
150 
276 
572 

1970 

Mooring KJ, Jø59'N 
-7.9 4- 40.6 3 5 4- 16.2 

-10.0 + 16.4 I 3 + 10.8 
-4.5 4- 12.9 -0 3 4- 9.7 
-0.0 + 8.9 -0 4 4- 7.8 
-1.6 + 8.5 -0 2 + 5.7 
0.5 + 3.2 0 3 + 3.4 

Mooring K5, 3 ø 35'N 
25 -2.5 + 29.9 5.3 :k 17.3 

100 -9.1 4- 13.4 3.9 + 11.7 
150 -6.4 + 12.3 1.8 4- 11.0 
270 -3.2 + 7.1 1.1 + 6.2 

567 f 1.5 + 3.1 -0.6 + 2.6 
963 f -0.9 4- 7.9 1.7 + 4.5 

1957 1.7 4- 3.8 -0.2 4- 3.1 

Mooring K6, 2 ø 10'N 

53 i 8.3 4- 21.6 4.2 4- 20.2 
93 i 8.0 + 21.0 6.1 + 12.0 

1481 -1.1 + 12.3 1.8 + 10.9 
599 2.3 + 5.4 -1.7 + 3.9 
997 1.5 + 6.2 0.1 + 5.8 

2001 -2.8 4- 4.1 0.0 + 3.0 

952.6 
193.0 
129.5 

69.8 
52.5 
10.6 

594.9 
159.0 
135.9 

44.3 

8.0 

41.1 
12.1 

433.6 

291.7 

135.8 
22.4 
35.7 
13.0 

1.Apr 1.Jul 1.Oct 1.Jan 1.Apr 1.Jul 1.Oct 
1993 I 1994 
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b) 
I 

Figure 3. Vector time series of 40-hour low-passed ve- 
locities at the (a) northern mooring (K4) and (b) equa- 
torial mooring (K8). Vectors are rotated 90 ø anticlock- 
wise. 

Mooring K7, 0 ø J 5 'N 
25 23.5 + 44.8 11.5 4- 29.1 

100 12.9 4- 24.1 3.3 4- 17.3 
150 1.1 4- 13.9 -0.5 4- 12.6 
281 -0.6 4- 14.4 0.7 4- 8.1 
975 -4.0 + 10.0 1.2 4- 4.8 

1967 1.0 + 7.8 0.9 4- 4.4 

1425 0 
439 1 
175 4 
136 0 

61 9 
4O 3 

Mooring K8, 0 ø 01 'S 
25 20.9 + 50.7 -1.5 + 17.0 1429.8 

100 15.8 4- 26.1 -4.1 + 17.6 494.7 
150 0.3 4- 14.6 -0.7 + 13.9 202.5 
300 -2.3 + 14.0 -0.7 4- 7.9 129.5 
600 -1.4 + 11.1 -0.2 4- 7.4 88.3 

984 • -6.0 + 11.3 1.3 + 5.1 77.1 
1976 f -6.1 4- 6.1 0.9 + 4.6 28.8 
4583 0.9 4- 3.2 0.0 + 2.5 8.2 

Mooring K9, 0 ø J3'S 
25 10.1 + 41.5 -0.3 + 15.4 979.6 

100 10.1 4- 24.0 -4.3 + 16.7 425.5 
150 2.4 + 13.5 0.1 + 11.7 158.7 
279 -1.3 + 15.2 -0.9 + 8.0 146.3 
576 0.6 + 9.2 -0.1 + 6.4 63.0 
973 -5.6 + 10.0 0.2 + 6.0 68.3 

1965 0.0 + 5.3 0.5 + 3.9 21.4 

* FKE is fluctuating kinetic energy. 
• Short record. 

years later at 150 m, while at the deeper levels the FKE 
is slightly lower during the second deployment. 

Variance spectra of the surface currents at the equa- 
torial and the northernmost mooring are shown in Fig- 
ure 5. The vertical dashed lines mark periods at 365, 
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Figure 4. Annual mean (a) zonal and (b) meridional currents between August 1993 and July 
1994. The depth scale changes at 300 m. 

182.5, and 15.5 days. While the zonal components show 
maximum variances of 1100 cm 2 s -2 at the semiannual 

(at the equator) and 400 cm 2 s -2 at the annual (at 5øN) 
timescale, the meridional components show no energy 
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Figure 5. Variance spectra of currents at 25-m depth 
at the equator (solid lines) and at 5øN (stippled lines) 
of zonal (thick lines) and meridional (thin lines) com- 
ponents. 

at these periods. Most of their variance is restricted to 
the periods of some weeks with a maximum of about 
170 cm 2 s -2 at 15.5 days at the equator. In greater 
depths (not shown) the bands of this intraseasonal fluc- 
tuations are spread at distinct periods between 10 and 
50 days. That result is in contrast to earlier observa- 
tions of the equatorial variability in the western Indian 
Ocean, which found one dominant period of 26 days 
in the meridional component [Luyten and Roemmich, 
1982] and sea surface temperature (SST) [Tsai et al., 
1992]. Model studies found the source of these 25-to 28- 
day fluctuation in instabilities of the Southern Gyre at 
the western boundary [Kindle and Thompson, 1989], 
traveling eastward as Yanai waves. 

The 40-hour low-passed zonal velocities for the up- 
per ocean are shown in Figure 6 for 25-, 100-, 150- and 
300-m depth levels in a meridional sequence. Superim- 
posed are the annual and semiannual harmonics that 
are derived by a least squares fit of the sum of the two 
harmonics to the low-passed time series for those time 
series that cover at least 365 days. The amplitudes, 
phases, and resolved variances are shown in Table 2. 
One exception is the time series at 3ø35'N at 963 m 
that is just 332 days long. Since the signals with semi- 
annual and annual periods are predominantly zonal, the 
meridional components are not shown. The zonal com- 
ponent close to the surface at the northernmost moor- 
ing is dominated by the annual signal of the Monsoon 
Current system, while the three moorings around the 
equator show a comparable semiannual signal in that 
component. This is in contrast to semiannual com- 
ponents of climatological currents that exceed signifi- 
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Figure 6. Zonal velocity time series at 25-, 100-, 150-, and 300-m depth. The velocities are 40- 
hour low-pass filtered, and the thick line superimposed shows the result of the fitted harmonics. 

cantly the annual one. The reason for the deviations in 
our observations is the large spring-to-fall EJ difference 
1993/1994 that adds an annual component in the har- 
monic analysis. The mooring at 3ø35'N is influenced by 
both regimes. While the annual signal close to the coast 
of Sri Lanka vanishes fast with depth, the semiannual 
signal around the equator persists through all depths. 

The first set of moorings had already shown that the 
Monsoon Currents just reaches down to about 100 m 
[Schott et al., 1994]. 

The semiannual harmonics of the zonal currents a- 

round the equator show a clear upward phase propaga- 
tion and thus downward energy propagation (Table 2 
and Figure 3b). In 300- to 600-m depth the semian- 
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Table 2. Amplitudes and Phases of Annual and Semiannual Components in Zonal Currents 

Annual Semiannual 

Record Amplitude, Phase; • Amplitude, Phase• Fraction of 
Depth, cm s- x deg cm s- x deg Variance 

m Explained 

MooringKd, Jø59'N 
25 52.4 191 3.4 116 0.83 

100 15.0 221 6.5 23 0.55 
150 9.4 221 2.5 8 0.33 
276 3.8 183 1.3 296 0.09 
572 4.8 135 4.8 305 0.31 

1970 0.6 353 1.3 140 0.09 

MooringK5, •ø35'N 
25 28.0 153 12.7 314 0.47 

100 6.6 121 8.6 260 0.35 
150 3.0 90 7.2 244 0.23 
270 1.8 34 4.6 238 0.29 

963* 0.6 328 7.8 135 0.56 
1957 0.8 146 3.2 122 0.40 

Mooring K6, 2 ø 10 'N 
148 3.4 188 8.1 179 0.22 
599 0.6 47 3.3 134 0.19 
997 4.1 282 0.1 181 0.20 

2001 0.5 197 3.1 304 0.30 

MooringK% OøJ5'N 
25 40.2 312 34.9 263 0.71 

100 7.7 109 19.1 198 0.36 
150 10.3 83 11.3 154 0.58 
281 5.3 68 13.9 92 0.55 
975 3.3 285 10.3 344 0.53 

1967 7.6 313 5.0 281 0.65 

MooringK3, Oø01'S 
25 44.5 316 41.3 270 0.74 

100 12.7 114 22.4 195 0.45 
150 10.9 86 14.1 146 0.73 
300 6.5 38 13.3 102 0.52 
600 4.7 343 13.2 66 0.72 

4583 1.2 354 0.5 308 0.09 

25 33.1 
100 12.5 
150 9.3 
279 10.3 
576 4.1 
973 7.1 

1965 3.7 

MooringK9, 0ø•3'S 
313 34.5 
124 19 1 

88 ll 5 
46 13 1 

337 10 0 
261 8 1 
301 3 9 

277 0.69 
204 0.42 
152 0.59 
115 0.54 

66 0.61 
353 O.52 
293 0.51 

Relative to January 1. 
i Relative to January 1 and July 1. 
•Short record (332 days). 

nual signal is nearly out of phase with the signal at 
the 25-m level, with the maxima occurring now in Au- 
gust/September and January/February. At 1000- and 
2000-m depth the signal is again about in phase with 
the surface currents. 

The phases of the annual harmonic at 5øN agree with 
those from the first deployment even at the 2000-m level 
within the errors, but the amplitude of 0.6 cm s -1 is 

much smaller than during the first deployment 
(3.9 cm s-l). The explained variances by the annual 
plus semiannual harmonics generally exceed 50• at the 
three equatorial moorings. The only exception here is 
the deepest record right at the equator, where the har- 
monics explain just 9% of the variance. This time series 
is the only deep record in the array, and we cannot say 
whether the low annual and semiannual energy at this 
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Figure 7. Monthly mean zonal velocities in cm s- 
eastward currents. 

1 for the upper 300 m. Shaded areas indicate 

point is the effect of local topography or whether the 
energy of annual and semiannual period does not reach 
these depths in the whole basin. For both the Equato- 
rial and Monsoon Current regime the harmonics explain 
a large fraction of the variances. Within the surface 
layer the variance around the equator is explained to 
about 70%, and in the monsoon current regime, 83% of 
the surface current variability is explained by the first 
two harmonics. Here the vertical decay of the explained 

variance is much stronger than at the equator. In be- 
tween the two regimes the seasonal cycle explains just 
about 20 to 40% of the variance. 

Only at the 0ø45'N mooring do the meridional cur- 
rents show a quite strong northward signal between 
about September 1993 and January 1994, which reaches 
about 60 cm s -z in the fitted semiannual plus an- 
nual harmonic and is in phase with those of the zonal 
currents at this mooring. The other two equatorial 
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Figure 8. Monthly mean meridional velocities in cm s 
indicate northward currents. 

-1 for the upper 300 m. Shaded areas 

records of meridional velocities are weaker and in op- 
posite phase to the zonal harmonics in the mixed layer. 

3. Monthly Means and Transports 

To view the currents in a more comprehensive way, 
monthly mean velocities of both components are mapped 
onto vertical sections covering the upper 300 m (Fig- 
ures 7 and 8). In addition, time series of the meridional 

structure of the flow are produced for 25-m (Figures 9a 
and 10) and 100-m (Figure 9b) depths. The zonal veloc- 
ities (Figure 7 and 9) show the eastward SMC confined 
to the upper 100 m extending southward to the equato- 
rial mooring in August 1993. In September this current 
is separated into an equatorial current centered at 45'N 
and the SMC at the northernmost mooring. The equa- 
torial jet increases in strength from about 30 cm s -1 in 
September to more than 110 cm s -1 in the monthly 
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Figure 9. Zonal velocities in cm s -• at (a) 25-m 
and (b) 100-m depth. Shaded areas indicate eastward 
currents. 

mean of November and more than 100 cm s -• in De- 

cember 1993 and is centered right at the equator since 
October. At the two northernmost stations the cur- 

rent reverses in October and the now westward NMC 

persists until April 1994. 
In May the whole area is dominated by an eastward 

surface current, again, that retracts toward the coast 
by June. It has to be noted that no measurements exist 
at 2øN after January 1994 above 150 m. The instru- 
ments stopped working because of biofouling. In July 
and August the limitation of the SMC to the area of 
the northernmost mooring is evident in the time series 
of the mooring at 3ø35'N. 

Along the equator, currents reverse below the east- 
ward surface current. While during the first 2 months 
another eastward current exists below about 150 m, it 
disappears during the strong EJ and reappears in Jan- 
uary 1994. In February the EUC evolves from this east- 
ward subsurface current and reaches maximum speeds 
in the monthly mean of more than 50 cm s -• in March 
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Figure 10. Meridional velocities in cm s-•at 25-m 
depth. Shaded areas indicate northward currents. 
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Figure 11. Eastward transport for the equatorial jet 
(EJ) and the Equatorial Undercurrent (EUC). 

1994. The EUC decreases again and is nearly absent 
in June but reappears again in July and August with a 
mean speed of more than 40 cm s -•. 

The meridional currents (Figures 8 and 10) are gen- 
erally weaker than the zonal. They also show a ver- 
tical structure of reversing currents at the equator. 
The strongest signal is the northward flow in the up- 
per 100 m at 45'N during the months of October to 
December 1993 with a maximum value of more than 

50 cm s -• in December. It seems to have a slight sub- 
surface maximum at about 35 m depth with values of 
more than 50 cm s -•. 

Monthly mean eastward transports of the EJ and the 
EUC (Figure ll) based on the flow fields shown in Fig- 
ure 7 are calculated for the latitude range covered by 
the array. The shear is linear extrapolated to the sur- 
face above 25 m from the two upper depth levels. For 
the area south of the array the values between 45'N and 
the northern boundary of the current were doubled to 
yield an estimate of the total transport. We thereby 
assume equatorial symmetry of the zonal flow. The ve- 
locity patterns at the three equatorial moorings as well 
as the climatological data (Figure 12) support that as- 
sumption. The only exception is the EJ in the Septem- 
ber 1993 initial phase that is not symmetric about the 
equator but is therefore completely covered by the ar- 
ray. The lower boundary for the transport is set to 
200-m depth, since sometimes the eastward currents, 
such as, e.g., the EJ in November 1993, are not con- 
fined to one core but extend into the ray-like structures 
of equatorial waves that continue to greater depths. For 
May 1994 the transport of the EJ is calculated up to 
3øN, about the edge of the EJ in October 1993, as there 
is no distinct separation between the EJ and the east- 
ward SMC. The transport of the equatorial jet reaches 
a maximum of 35 Sv in October 1993 but only 4 to 5 Sv 
in April and May 1994 owing to the low current speeds. 
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Figure 12. Amplitudes of the first two harmonics fit- 
ted to the zonal velocities at the surface for the (a) 
moorings, (b) ship drifts, and (c) Parallel Ocean Cli- 
mate Model (POCM). 

The Equatorial Undercurrent has its maximum trans- 
port of 17 Sv in March and April. It almost disappears 
during June and July but reappears in August with a 
transport of 11 Sv. Calculating the transports within a 
narrow equatorial region, just between 45'S to 45'N, the 
area of the three equatorial moorings, reveals 8 Sv for 
the EJ during October 1993 and less than 1 Sv during 
April/May 1994. The EUC transport within this range 
reduces to 7 Sv in March and April and 5 Sv in August 
1994. 

To calculate the transport of the Monsoon Current, 
we would have to determine it from one mooring (K4) 
only. The first array had shown that the Monsoon Cur- 
rents did not remain within one fixed latitudinal band, 
but rather, meander. We compared the SMC transport 
at the beginning of our time series with vessel-mounted 
ADCP measurements during the deployment cruise to 
see whether it would be reasonable to come up with 
transports for the Monsoon Current from this array as 
well. The 7-day mean zonal currents were mapped to 
a section as the monthly mean values for the equato- 
rial transport calculations. The SMC transport for the 
first week in August 1993 was 9.7 Sv from the moorings 
north of 2øN within the upper 300 m. That is just two 
thirds of the shipboard transport measured on the de- 
ployment cruise that was used already in comparison to 
the transport time series of the Monsoon Current cal- 

culated from the data of the first array [oOchott et al., 
1994]. There are no shipboard transports available from 
the recovery cruise. Thus the consequence from this 
comparison is that the second array does not resolve 
the Monsoon Current well enough to yield transports 
for it. 

4. Discussion 

The upper layer equatorial current system in the cen- 
tral Indian Ocean is investigated on the basis of the 
WOCE current meter array ICMS. Six moorings were 
deployed along 80ø30'E between 45'S and 5øN from late 
July 1993 to September 1994. This investigation is an 
extension of the Monsoon Current analysis by oechott 
et al. [1994], who used the first set of moorings (Jan- 
uary 1991 to March 1992) north of 4øN and showed the 
extreme shallowness of about 100 m of the Monsoon 

Current. The focus of this investigation is on zonal cur- 
rents and transports of the EJ and EUC. The zonal cur- 
rents close to the equator have large annual and semi- 
annual contributions, whereas the annual component 
dominates the upper layer flow at the northern mooring 
at 5ø10'N. The equatorial jet (Wyrtki Jet) in Novem- 
ber 1993 is much s,.onger than the jet in May 1994. 
The maximum monthly mean transport values for the 
EJ is 35 Sv in November 1993 and just 5 Sv in May 
1994. The Equatorial Undercurrent is apparent during 
February and June with monthly mean transports up 
to 17 Sv during March and April. It reappears again in 
July and persists until the recovery of the moorings in 
September 1994. 
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Climatological studies with ship drifts [Cutler and 
Swallow, 1984; Reverdin, 1987] show about equally 
strong EJs with eastward velocities between 60 and 
80 cm s -• in the central Indian Ocean. In the eastern 

basin around our position at 80øE the EJ in spring is 
with eastward currents of more than 80 cm s -• , slightly 
stronger than those in fall [Reverdin, 1987]. A study 
of zonal equatorial currents by Molinari et al. [1990], 
derived from satellite-tracked drifting buoys deployed 
between 1975 and 1987 in the equatorial Indian Ocean, 
did show the two EJs at both seasons with more than 

50 cm s -• about equally strong at 60øE centered at 
the equator and at 70øE a more intense EJ in fall with 
more than 75 cm s -• and the EJ that seems to be cen- 

tered at about 2øS in spring is less intense with over 
50 cm s -•. During that time of the year there are 
no data available right at the equator at 70øE. Trans- 
port calculations from other measurements are scarce. 
Donguy and Meyers [1995] calculated geostrophic trans- 
ports within the upper 400 m relative to 400 dbar from 
repeated expendable bathythermograph (XBT) lines in 
the western Indian Ocean between 1986 and 1989. The 

easternmost line from Fremantle, Australia, to the Per- 
sian Gulf crosses the equator at about 80øE. The trans- 
port time series with monthly resolution for the latitu- 
dinal bands between 0.5 ø and 2.5øN (and 0.5-2.5øS) of 
that line show the semiannual EJs with a pronounced 
jet during spring. This is in contrast to our measure- 
ments, where the jet in fall is much stronger than that 
in spring, but their observations agree with climatolog- 
ical ship drifts. The transport within the southern part 
is slightly stronger than in the northern segment. Along 
the line the peak transports would sum up to 55 Sv for 
April/May but only 25 Sv for September/October. The 
order of transports within the EJ compares reasonably 
with our findings. However, details may differ owing 
to their choice of a reference level, and the difficulties 
of the calculation of geostrophic transports close to the 
equator or may be related to the different period of ob- 
servations, as interannual variability plays an important 
role in that area as we will show later. 

4.1. Annual Cycle 

The seasonal asymmetry of the two jets of this par- 
ticular year causes an unusual annual harmonic that is 
in phase with the EJ in fall 1993. To investigate the 
relationship of our measurements to the climatological 
annual cycle, we compare our harmonic amplitudes at 
the surface along the section with those from ship drifts 
and model data. 

The amplitudes of the first and second harmonic of 
the zonal velocities at 25 m depth are shown in Fig- 
ure 12a. The values from the first array are included 
in the graph for comparison. Both harmonics show 
a maximum at the equatorial mooring and fall off to 
both sides. Both are in phase across the equator (Ta- 
ble 2). While the amplitude of the second harmonic 

decreases to near zero close to the coast, the first har- 
monic reaches its maximum with 52.4 cm s -• at the 

northernmost mooring. Whereas the amplitudes of the 
second harmonic agree very well with those from the 
first deployment, the coastal value of the first harmonic 
is much higher than the values from the first deploy- 
ment. There were no data at that depth at the center 
position of the first array, but the data at 150- and 200- 
m depth during the first deployment period [$chott 
et al., 1994] also revealed a maximum for both ampli- 
tudes at the central position and a decay toward the 
coast. 

The individual ship drift observations from Cutler 
and Swallow [1984] are averaged to climatological month- 
ly means along the section between 79 ø and 82øE with 
0.5 ø latitudinal resolution. The harmonics from the 

POCM data are calculated from the time series of 

monthly means for April 1986 to December 1989. The 
most striking difference between our observations (Fig- 
ure 12a) on the one hand and ship drifts (Figure 12b) 
and the POCM (Figure 12c) on the other hand is the 
equatorial peak of the first harmonic in the observa- 
tions, which is caused by the different amplitudes of 
the two equatorial jets in fall 1993 and spring 1994. 
The semiannual signal in the ship drifts of 50 cm s -• is 
slightly stronger than that in the current measurements 
and is slightly shifted to the north at IøN. This could 
be an effect of the long averaging intervals on the ship 
data, as many shipping lanes turn to the north after 
passing the southern tip of the Indian subcontinent. 
These data have been calculated for latitude ranges far- 
ther south than the extent of the array. They show that 
the semiannual harmonic is symmetric about the equa- 
tor, while the annual harmonic is intensified toward the 
coast. The amplitudes of the harmonics in the model 
are generally higher than those of the current measure- 
ments and ship drifts, but the structure agrees well with 
the ship drifts. Here the peak for the semiannual har- 
monic is centered at the equator and the first harmonic 
shows a maximum at 5øN and decreases again toward 
the coast, supporting the measurements. 

As shown by Cane [1980] the existence of the EUC 
in the Indian Ocean is related to easterly winds, forcing 
a westward surface current that builds up the pressure 
gradient to maintain the eastward undercurrent. In- 
terpreting the measurements at Gan (0.5øS, 73øE) by 
Knox [1976], Cane, [1980] suggested that the strength 
of the wind forcing during the last quarter of the pre- 
vious year influences the strength of the EUC in the 
following year owing to a reflection of equatorial waves 
at the eastern boundary. In 1972 the winds remained 
weak from October through December followed by an 
EUC in spring, while in 1973 there were strong west- 
erlies throughout this period but no EUC in spring. 
This does not fit with our observations, as we have a 
very strong eastward wind anomaly during the EJ in 
late 1993 and still find the EUC in the following spring. 
The EUC in spring 1994 and its reappearance seem to 
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be forced by westward winds in the same year. The 
FSU pseudo wind stresses [Leglet et al., 1989] along the 
equator show an onset of westward winds at the western 
boundary in September and October 1993 (Figure 13a). 
The regime of westward winds reaches the central basin 
in January 1994. As a consequence, the eastward EJ 
in the central Indian Ocean is decelerated in Decem- 

ber and January (Figure 9a) and the surface currents 
turn westward in January. The EUC appears at 80øE 
in February (Figure 9b) with some delay to the wind- 
forcing as to be expected [Cane, 1980] since the zonal 
pressure gradient needs to be built up to force the un- 
dercurrent. The onset of eastward winds in the western 

basin during April and May 1994 and the induced east- 
ward surface jet that we see at 80øE during these two 
months then seem to decrease the zonal pressure gradi- 
ent and decelerate the EUC (Figure 9b). The eastward 
winds and the EJ are anomalously weak in spring 1994 
(Figure 13b), as we will show later, and as a result, 
the zonal pressure gradient is probably not completely 
eroded. The onset of the westward winds in the east- 

ern parts of the ocean during May and June 1994 and 
the resulting westward surface currents increased the 
pressure gradient and thus the eastward undercurrent 
again. A model study using a general circulation model 
of the Indian Ocean driven by two different wind fields 
(ECMWF and United Kingdom Meteorological Office 
(UKMO)) by Anderson and Carvington [1993] showed 
a second undercurrent that was in contrast to the mea- 

surements available at that time. 

The seasonal cycles of meridional currents in our ob- 
servations are in phase with those of the zonal currents 
in the mixed layer at 0ø45'N and of opposite phase 
at the two southern moorings (Figure 9 and 10). We 
observe a divergence during the EJ from September 
until December 1993 in the upper 100 m and a con- 

vergence during situations with westward surface cur- 
rents (February/March 1994 and June to August 1994). 
Following Cane [1980], eastward winds would force an 
equatorial convergence at the surface and a divergence 
below the thermocline. Westward winds would force a 

westward surface current, a surface divergence, and a 
convergence below. This is in contrast to our measure- 
ments. The meridional signal of long equatorial Rossby 
waves could not account for that signal, as their merid- 
ional currents are 90 ̧ out of phase with the zonal cur- 
rents. 

4.2. Interannual Variability 

Is the strong difference of the two observed equato- 
rial jets the result of larger-scale interannual variability? 
Anderson and Carvington [1993] have shown with their 
general circulation model of the Indian Ocean driven 
by the two different wind fields that the currents ex- 
hibit strong diffences between the two forcing fields as 
well as strong interannual variability. In both cases the 
equatorial region is the area of the Indian Ocean with 
the strongest differences. As our time series alone are 
too short to answer this question, the ship drift data 
from Cutler and Swallow [1984] are used to investigate 
the interannual differences in the strength of the EJ. 
The zonal component of the individual observations are 
averaged for every month from 1970 to 1982 for the cen- 
tral Indian Ocean within the box 60-90øE and +1 ¸ lati- 

tude. The mean annual cycle of the drifts shows nearly 
equally strong jets of about 50 cm s -1 in spring and 
fall. The mean annual cycle for the upper layer in the 
POCM driven by monthly winds for the same geograph- 
ical domain is somewhat different at 75 cm s -1 in fall 

and 90 cm s -1 in spring. This is probably due to the 
shortness of the interval (1986-1989) studied with the 
POCM. 
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Figure 13. (a) Zonal Florida State University (FSU) pseudo wind stress (eastward is shaded) 
along the equator and (b) its anomaly relative to a mean annual cycle for 1970 to 1993. The 
horizontal line indicates the position of the mooring line at 80ø30'E. 

b) 
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The anomaly of the zonal ship drifts from their mean 
annual cycle for the years 1970 to 1982 (Figure 14b) 
shows that there is indeed an interannual signal, which 
is not only restricted to the periods of the EJs but also 
affects the total zonal transport throughout the years. 
The same anomaly is computed for the model data by 
subtracting their mean annual cycle and for the average 
zonal velocities from the three equatorial ADCPs at 25- 
m depth. Owing to the lack of a mean annual cycle of 
the latter, the mean annual cycle of the ship drifts is 
used as a reference (Figure 14b). 

In a comparison of the zonal ship drift velocity anom- 
aly with the Southern Oscillation Index (SO!), the pres- 
sure difference between Tahiti and Darwin (Figure 14a) 
shows some remarkable similarities of certain anoma- 

lies. The anomaly of the zonal pseudostress for the 
same region (Figure 14c) shows a similar interannual 
signal. Although the time series are not significantly 
correlated, all three time series reflect the E1 Nifio (low 
SO1) of 1971/1972, 1982/1983, 1986/1987, 1992/1993, 
and 1993/1994 and the intermediate La Nifia periods. 
During the E1 Nifio conditions the zonal wind stress 
and zonal currents are weaker, whereas they tend to be 
stronger during the high SO1 periods. 

The shorter time series for the deployment time of the 
moorings for the wind stress anomaly, the SO1 and the 

anomaly of the zonal currents derived from the ADCP 

data, and the mean annual cycle of the ship drifts (Fig- 
ure 15) are all correlated with each other within the 
95% level of significance even at a relative small num- 
ber of degrees of freedom (4). The autocorrelation 
functions of all three time series show the zero cross- 
ings after 3 months. The correlation coefficients are 
r - 0.92 for the current anomaly versus the wind stress 
anomaly, r = 0.85 for the correlation between the cur- 
rent anomaly and the SOI, and r = 0.72 for the cor- 
relation between the wind stress anomaly and the SO1. 
Both, the maximum and minimum of the zonal anoma- 
lies coincide with one of the EJs during the deployment, 
resulting in the very strong jet in November 1993 and 
the much weaker jet in May 1994. Thus the difference 
between the amplitudes of these two jets is related to 
the ENSO phenomenon. 

A study about the zonal equatorial wind stress by 
Clarke and Lebedev [1997] showed no correlation be- 
tween the interannual zonal wind stress in the Indian 

and Pacific Oceans for the complete period covered 
(1950-1992). The zonal wind stress in the Indian Ocean 
and that in the Pacific are found to be negatively cor- 
related for the later period 1970-1992 which is close to 
our observations. Meyers [1996] showed that the In- 
donesian throughflow is correlated with the SO1 and 
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Figure 14. Six-month low-passed time series of monthly mean values of (a) the Southern 
Oscillation Index (SO1), (b) the anomaly of zonal ship drift (until 1982), and the mean zonal 
current of the three equatorial ADCPs (unfiltered) at 25-m depth, both referenced with the mean 
annual cycle of the ship drifts and the zonal anomaly of the model currents (1986-1989) from their 
mean annual cycle. (c) Anomaly of the zonal FSU pseudostress within the same geographical 
domain. 
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Figure 15. Monthly mean values for the anomalies of 
the zonal surface currents at the three equatorial moor- 
ings and the anomalies of the zonal FSU pseudostress 
and the SOI. 

that the origin of that signal should be in the equato- 
rial Indian Ocean as well as in the Pacific. He used a 

repeated XBT section between Java and western Aus- 
tralia from 1983 to 1994. The transport of 1988-1989 
was about 5 Sv higher than during the preceding and 
following ENSOs. He suggested that these variabilities 
in the equatorial Indian Ocean propagated along the 
eastern boundary as Clarke and Liu [1994] showed for 
interannual fluctuations in sea level. 

4.3. Model Comparison 

In order to relate our observations to the basin scale 

equatorial circulation, we analyze monthly mean cur- 
rents from the POCM-4b driven by daily ECMWF 
winds. The zonal surface currents simulated by the 
model show two jets of different strength along the equa- 
tor (Figure 16a). While the EJ during late 1993 reaches 
maximum eastward speeds of more than 140 cm s -1 the 
EJ during early 1994 just exceeded 60 cm s -1. These 
differences exist mainly west of the Maledives (at about 
73øE). The model currents do not resemble our mea- 
surements along 80øE (Figures 16b and 9a), where the 
model jet in fall 1993 is less than 80 cm s -1 while peak 
values of more than 60 cm s -1 are obtained for April 
1994. The most likely reason for this behavior is that 
the Maledives represent a barrier in the model that is 
too restrictive and the jet is meandering east of the is- 
lands (Figure 16b). The harmonics for the upper layer 
along the section for this model version (Figure 17) com- 
pared to the previous run (Figure 12c) result in lower 
amplitudes for the second harmonic (40 cm s -1 at the 
equator) that agree reasonably with the moored mea- 
surements, but it now shows secondary maxima at 4øN 
and 4øS and an increase toward the coast to amplitudes 

of 22 cm s -1 that are not observed. As expected, the 
annual harmonic does not show the equatorial maxi- 
mum at 80øE seen in the measurements, while it agrees 
with the measurements of the coastal structure of the 

Monsoon Current system, as it reveals a maximum of 
about 60 cm s -1 at 4øN and and a decay to values of 
less than 40 cm s -1 directly at the coast. 

Sections of the zonal velocities (cm s -1) along 80.6øE 
for the upper 300 m (Figure 18) for November 1993 and 
April and August 1994, the months of maximum trans- 
ports of the EJ and EUC in the current measurements, 
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Figure 16. Zonal currents in the upper model layer 
from the POCM driven by daily winds for the deploy- 
ment period (a) along the equator and (b) along 80.6øE. 
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Figure 17. Amplitudes of the first two harmonics fit- 
ted to the zonal velocities at the surface as in Figure 12c, 
but for the POCM model driven by daily winds. 

compare generally well with the current structure de- 
rived from our measurements (Figure 7). As seen in 
the surface currents along the section (Figure 16b), the 
EJ in November 1993 is not strong enough in the model. 
During November the current meter measurements at 
3ø35'N and 5øN show the westward NMC while the 
model still shows an eastward SMC north of the west- 

ward current between about 2 ø and 3øN. In April 1994 
the EJ in the model is much too strong, as discussed 
before. The NMC in the model has a strength and 
width comparable to the measurements. The westward 
current south of the Monsoon Current might not be re- 
solved by our array. The undercurrent forming is weaker 
than in our observations. It has two off-equatorial max- 
ima in the model during April and August but just one 
equatorial maximum during December 1993 to March 
1994. During August 1994 the SMC is again too strong 
and reaching too far south. The model does not show 
an EUC along the equator through the whole basin, 
as is known from the other oceans. Along 80.6øE the 
model produces an eastward undercurrent that has its 
core within the layer between 100 and 135 m. It is 
apparent from December 1993 to August 1994 but not 
during July and August 1993. What appears to be the 
EUC during spring is fed by an undercurrent south of 
the equator from the western basin (Figure 19a). Ob- 
servations of the undercurrent in the Indian Ocean have 

shown the EUC slightly south of the equator, centered 
at 1 ø to 1.5øS [Leetmaa and Storereel, 1980] in the 
western basin but not that far south. The model un- 

dercurrent in the eastern basin is connected as well to an 

eastward undercurrent at that time, which has a much 
deeper equatorial core in the western basin around 400- 
to 500-m depth and is obviously related to equatorial 
waves. Both undercurrents vanish in the western basin 

during June, but east of the Maledives the undercurrent 
persists (Figure 19b). This coincides with the westward 

winds being limited to the eastern basin during that 
time. 

It is not clear exactly how these undercurrents are 
forced and whether they are the product of the EUC 
forcing mechanisms described by Cane [1980]. Further- 
more, it is not clear how well the EUC in the Indian 
Ocean is modeled by the POCM as the coarse vertical 
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Figure 18. Monthly mean zonal currents for November 
1993, April 1994, and August 1994 along 80.6øE from 
the POCM driven by daily winds. Contour interval is 
10 cm s -1. Shaded areas indicate eastward currents. 
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Figure 19. Current vectors from the POCM driven by daily winds for the level between 100 
and 135 m for (a) April 1994 and (b) August 1994. 

resolution (with a minimum layer thickness of 25 m in 
the upper four layers) might limit its ability to properly 
reproduce the EUC. With regard to the discrepancies 
between the model and our measurements it seems un- 

clear whether the origin of the EUC observed in our 
measurements at 80øE is that shown in the model and 

needs further investigation. 
In addition to the POCM a 3.5-layer reduced gravity 

Indian Ocean model forced by either 12-hourly ECMWF 
wind stresses or by FNMOC 12 wind stresses was in- 
spected and showed interannual variability of the zonal 
currents within the upper two layers, which include the 
EJ and EUC. In contrast to the POCM data, this model 
shows no blocking of the equatorial jets by the Male- 
dives but strong differences, depending on the wind field 
used (J. Kindle, personal communication, 1998). 
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