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ABSTRACT

Monthly Indian and Pakistani sea level records, adjusted for the effect of atmospheric pressure, were used to
examine interannual sea level variability in the northern Indian Ocean. The interannual sea level is correlated
along the boundary. The observations hint that interannual sea level propagates along the boundary, but the
evidence is not conclusive. Calculations with the Comprehensive Ocean-Atmosphere Data Set wind stress as
input to a simple model suggest that the interannual sea level signal occurs along more than 8000 km of Indian
Ocean coastline extending from southern Java to Bombay and is generated remotely by zonal interannual winds
blowing along the equator.

The eastern Indian Ocean boundary is broken between Indonesia and Australia and examination of north-
western Australian interannual sea level shows that it is not well correlated with that in the northern Indian
Ocean. The northwestern Australian sea level is larger in amplitude, related to ENSO, and of Pacific origin.
Calculations using a simple model and The Florida State University wind stress suggest that the northwestern
Australian sea level is generated by zonal ENSO wind stress in the equatorial Pacific. A weighted difference
between the northern Indian Ocean and southeastern Indian Ocean sea levels provides a revised estimate of the
interannual upper-ocean transport of water between the two oceans. The average amplitude of this interannual
transport is about 2.5 Sv (Sv = 10° m> s~!), which is smaller than estimates of 5-16 Sv for the mean transport.
The interannual transport is correlated with ENSO, there being a tendency for flow from the Indian Ocean and
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into the Pacific during a warm ENSO event. The flow tends to reverse during a cold ENSO event.

1. Introduction

While much has been learned about Pacific inter-
annual sea level variability, less is known about inter-
annual sea level variability .in the northern Indian
Ocean. Perigaud and Delecluse (1993) have discussed
Indian Ocean sea level variability recently using Geosat
satellite altimeter data and sea level calculated using a
reduced gravity model, but the observations were noisy
and 41/-year long records were short for interannual
analysis. Do northern Indian Ocean sea levels vary
strongly interannually? Are they correlated with the
ENSO signal seen along the western Australian coast
(Pariwono et al. 1986)? Are they forced at the coast
or remotely in the ocean interior? We seek to answer
these questions using coastal Indian Ocean sea level,
wind stress data, and dynamical analysis.

Following a description of the data in section 2, we
discuss the main features of the northern Indian Ocean
interannual sea level observations in section 3 and their
dynamics in section 4. A comparison with the south-
eastern Indian Ocean sea level along Australia’s north-
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western coast and a calculation of the interocean in-
terannual transport of water are given in sections 5 and
6. A final section contains some concluding remarks.

2. Data

The northern Indian Ocean sea level stations used
in this study are shown in Fig. 1, while data record
lengths and data sources are given in Table 1. Seven
stations cover a coastline distance of about 3600 km.
Other monthly sea level records were available, most
notably the nearly 50-year record at Ko Taphao Noi
(7.83°N, 98.43°E) located in Thailand on the eastern
Indian Ocean boundary and the 50-year record at Cal-
cutta (88.3°E, 22.55°N). But the Calcutta record is
influenced by river flow and the Ko Taphao Noi record
was of doubtful quality, so these and other shorter and/
or suspect and/or too gappy records were not used.

Table 1 and Fig. 1 also document the atmospheric
pressure data. These data are necessary for our analysis
because the dynamically relevant subsurface pressure
near the water surface is the sum of the pressure due
to the measured sea level and the fluctuating atmo-
spheric pressure. At some sea level stations, atmo-
spheric pressure data are not available. However, plots
of the atmospheric pressure for each station (see Fig.
2) show that it has an amplitude of only about 25%
of that of the sea level and that there is very little vari-
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FI1G. 1. Northern Indian Ocean basin. The dashed line denotes the 200-m isobath.
The seven towns where sea level records were used are marked.

ation along the boundary. Since the atmospheric pres-
sure record at Bombay is the longest, we used it to
adjust the pressure at all seven sea level stations.

3. Northern Indian Ocean interannual sea level

To obtain the interannual sea level, each monthly
adjusted sea level time series was demeaned, detrended,
and filtered twice with a 13-month running mean
(Chelton and Davis 1982). Gaps were treated as sug-
gested by Mitchum (1987, personal communication).
When gaps occur, they are given zero weight in the
filter weighting function and the total weighting is ap-
propriately renormalized. In this way, sometimes gaps
in the time series could be filled in. A criterion is avail-
able for determining when the interpolated point is
likely to be inaccurate so that the point can be flagged
as missing. Based on Mitchum’s analysis, we flagged
an interpolated point as missing if the sum of the ab-

solute value of the filter weights for the gap points was
greater than 0.25.

Figure 3 shows the interannual sea level records from
the seven sea level stations in the northern Indian
Ocean. Several of the stations are visually correlated
with Vishakhapatnam, and this is confirmed in Fig. 4,
which shows lagged correlation with distance along the
boundary from that place. Based on Chelton (1983),
all stations except Mangalore are significantly corre-
lated with Vishakhapatnam at zero lag at the 90% sig-
nificance level but only Madras and Bombay are sig-
nificantly correlated with Vishakhapatnam at zero lag
at the 95% significance level (see Table 2). At maxi-
mum correlation, Madras leads Vishakhapatnam by 1
month and Bombay /lags Vishakhapatnam by 2
months. These lags correspond to an alongshore prop-
agation of about 26 cm s™! northward from Madras
to Vishakhapatnam and 50 ¢m s~! from Vishakha-
patnam to Bombay. However, the maximum corre-

TABLE 1. List of the station names, locations, data types, record lengths, and data sources for the data used in this study. The Permanent
Service for Mean Sea Level (PSMSL) provided the monthly sea level. The National Center for Atmospheric Research provided the monthly

atmospheric pressure as part of the World Monthly Surface Climatology (WMSC) dataset.

Station Location Record type Record length Data source
Vishakhapatnam 17.48°N, 83.21°E monthly sea level 1937-1987 PSMSL
Madras 13.08°N, 80.15°E monthly sea level 1952-1987 PSMSL
Cochin 9.58°N, 76.19°E monthly sea level 1939-1987 PSMSL
Mangalore 12.53°N, 74.52°E monthly sea level 1953-1987 PSMSL
Bombay 18.55°N, 72.52°E monthly sea level 1922-1987 PSMSL
Kandla 23.00°N, 70.20°E monthly sea level 1950-1987 PSMSL
Karachi 24.59°N, 68.56°E monthly sea level 1957-1987 PSMSL
Vishakhapatnam 17.48°N, 83.21°E monthly atmospheric pressure 1941-1988 WMSC
Madras 13.08°N, 80.15°E monthly atmospheric pressure 1941-1988 WMSC
Mangalore 12.53°N, 74.52°E monthly atmospheric pressure 1941-1988 WMSC
Bombay 18.55°N, 72.52°E monthly atmospheric pressure 1921-1988 WMSC
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lations differ little from those at zero lag so it is difficult
to be sure that “propagation” really occurs. We discuss
likely dynamical reasons for the correlation and prop-
agation in the next section.

4. Dynamics

Consider first frictionless unforced interannual mo-
tion near the eastern Indian Ocean boundary from the
equator to the northern tip of the Bay of Bengal (see
Fig. 1). Motion is geostrophic at these frequencies, so,
by the condition of no normal flow into the boundary,
we would expect pressure (and hence sea level) to be
constant along the boundary. More precisely, at these
low frequencies motion is well equatorward of the crit-
ical latitude for coastal trapping and the motion is in
the form of long westward propagating Rossby waves
that are in phase at the coast and have nearly constant
amplitude along the boundary [ for a physical discus-
sion and documentation of critical latitudes see Clarke
and Shi (1991)]. The Rossby wave signal propagates
westward to the eastern coast of India, and, if the fre-
quency is low enough, will reach it nearly in phase. In
such a case pressure is approximately constant along
the eastern coast of India; therefore, there is no mass
flux onto the boundary and no interannual western
boundary current generated. Consequently there is no
interannual jet at the southern tip of the Indian sub-
continent, and coastal pressure and sea level are con-
tinuous around the tip. By this argument and the re-
quirement that low frequency pressure be spatially
constant along the eastern boundary of the Arabian
Sea (see Fig. 1), we expect that at very low frequencies
the seven measured sea levels should be highly corre-
lated and approximately in phase all along the northern
Indian Ocean boundary.

Interannual Atmospheric Pressure
Correction (cm)
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F1G. 2. Intcrannual atmospheric pressure correction measured in
cm height of water at the four Indian coastal towns Vishakhapatnam
(short dash), Mangalore (dot-dash ), Madras (long dash), and Bom-
bay (solid).
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FIG. 3. Interannual sea level records from the seven sea level stations
(solid lines) in the northern Indian Ocean. The Vishakhapatnam
record (dashed line) has been included in the lower six plots for
comparison.
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FiG. 4. Contour plot of the correlation between interannual coastal sea level in months
(¢ + lag) at each of six coastal tide gauge stations and the coastal tide gauge record at Vishakhapatnam
at time {. Significance levels vary with station—station correlation because overlapping record lengths
vary. Zero lag 90% and 95% significance levels found using Chelton (1983) are given in Table 2.
The vertical line through zero marks zero lag relative to Vishakhapatnam.

While the above simple model may explain why the
interannual sea level may be correlated over more than
2600 km in the northern Indian Ocean, it assumes that
coastal wind forcing is negligible and does not explain
how the signal is generated. Clarke (1992) showed that
low-frequency sea level along an eastern ocean bound-
ary can be described by the sum of a spatially constant
boundary signal remotely generated along the equa-
torial waveguide and a spatially varying boundary sig-

nal forced by the coastal alongshore wind stress. How
is the interannual sea level signal forced in the northern
Indian Ocean case? We decided to find out by
calculating interannual boundary sea level using
COADS (Comprehensive Ocean-Atmosphere Data
Set) monthly wind stress and the simple model of
Clarke and Liu (1993). The model eastern boundary
sea level is based on a simple formula given in Clarke
(1992) with the remotely generated equatorial Kelvin

TABLE 2. Correlation between observed interannual sea level at Vishakhapatnam and interannual sea level at six other tide gauge stations
in northern India. The significance levels were calculated using the analysis of Chelton (1983).

Alongshore
distance from Correlation between observed
Vishakhapatnam sea levels and sea level at 90% significance 95% significance
Stations (km) Vishakhapatnam level level
Madras 680 0.70 0.48 0.54
Cochin 1530 0.53 0.50 0.57
Mangalore 1910 0.32 0.38 0.44
Bombay 2610 0.69 0.59 0.66
Kandla 3360 0.37 0.34 0.40
Karachi 3610 0.42 0.40 0.46
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wave signal being found from forced equatorial wave
theory along the lines of Gill and Clarke (1974). The
model determines the sea level response with only the
first two baroclinic vertical modes since only these
contribute significantly to sea level. S. Levitus kindly
provided the buoyancy frequency data to calculate the
vertical modes. In the calculations, friction and dissi-
pation were set to zero.

Our results indicated that indeed the interannual
coastal alongshore wind stress forcing was negligible
so that the calculated sea level signal was very nearly
spatially constant along the boundary (see Fig. 5). This
should be a robust result since it depends only on the
alongshore wind stress data being approximately cor-
rect in magnitude rather than being accurate in detail.

Model and observed interannual sea level are shown
in Fig. 6 for Vishakhapatnam, Madras, and Bombay.
Considering that wind stress and sea level data are
noisy, and that the model is linear and simple, the
agreement between model and observed sea levels is
quite good. Model and observed sea levels at these sta-
tions are significantly correlated at the 95% significance
level (see Table 3). Table 3 also shows that other sta-
tions are less well correlated. This is probably because
these stations are noisier since they are also the stations
that have lower correlation between their observed in-
terannual sea levels and Vishakhapatnam interannual
sea level. In summary, these results suggest that the
interannual sea level signal seen along at least 6000
km of Northern Hemisphere Indian Ocean coastline
from the equator to Bombay is generated by zonal in-
terannual winds blowing along the equator.

interannual Sea Level (cm)
(=)
T
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FIG. 5. Interannual sea level along the Indian/Pakistan coast using
the model of Clarke and Liu (1993) with COADS wind stress. Sea
level has been plotted for the seven stations Karachi (solid), Kandla
(long dash), Bombay (short dash), Mangalore (long-short dash),
Cochin (dot-dash), Madras (dotted), and Vishakhapatnam (triple
dot-dash). Locations for these stations are given in Fig. 1. The longer
vertical lines on the abscissa mark mid-January of the years 1950,
1960, . .., 1990.
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FIG. 6. Model (dashed line) and observed (solid line) interannual
sea level at Vishakhapatnam, Madras, and Bombay. At each station
the model and observed time series are significantly correlated at the
95% level (see Table 3). The model was based on Clarke and Liu
(1993) and used COADS wind stress. The longer vertical lines on
the abscissa mark mid-January of the years 1950, 1960, . . ., 1990.

The above frictionless theory predicts that the in-
terannual sea level is in phase all along the coast. As
mentioned earlier, the data hint that there is propa-
gation along the coast, but we cannot be definite about
this. Recent theory (Clarke and Van Gorder 1994) for
interannual flow near an eastern ocean boundary sug-
gests that if bottom friction and shelf and slope bottom
topography are taken into account, alongshore pole-
ward coastal sea level propagation should occur. The
physics of this propagation has been described by
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TABLE 3. Correlation between observed and model northern Indian
Ocean coastal interannual sea level. The 95% significance level was
calculated using the analysis of Chelton (1983).

Alongshore
distance  Correlation between

from observed sea levels 95%

equator and sea level at significance
Stations (km) Vishakhapatnam level
Vishakhapatnam 4010 0.67 0.55
Madras 4690 0.65 0.54
Cochin 5540 0.49 0.55
Mangalore 5920 0.067 0.46
Bombay 6620 0.61 0.55
Kandla 7360 0.22 0.38
Karachi 7620 0.25 0.38

Clarke and Van Gorder. Numerical calculations by
them suggest that the slow northward propagation of
interannual sea level along the Pacific coast of North
America observed by Enfield and Allen (1980) and
Chelton and Davis ( 1982) is explained by that physics.

What does this imply about interannual sea level for
the Indian Ocean case? Along the Northern Hemi-
sphere eastern boundary of the Indian Ocean, extend-
ing from the equator to the Ganges delta, on average
interannual sea level should propagate northward at
about 1/2 to 1 m s, Unfortunately there are no reli-
able long records to check this. All we have are data
at Vishakhapatnam and Madras on the western
boundary of the Bay of Bengal (see Fig. 1). If long
Rossby waves were to propagate instantly from the
eastern boundary of the Bay of Bengal to the Vishak-
hapatnam and Madras locations, then Madras should
lead Vishakhapatnam. This is because the waves prop-
agate due west and, by the Clarke and Van Gorder
mechanism, sea level on the eastern boundary at the
more southern latitude of Madras should lead that at
Vishakhapatnam’s latitude. If we take into account the
finite Rossby wave speeds and the separation between
the eastern and western boundaries of the Bay of Bengal
at the Vishakhapatnam and Madras latitudes, we find
that it takes less time for Rossby waves to cross at the
Madras latitude. This again suggests that Madras
should lead Vishakhapatnam. Taking into account
both effects, the lead should be about 1-2 months. This
is consistent with the observations although the latter
are inconclusive. We also note that the theoretical ar-
guments are also incomplete since they ignore the
western boundary—the lags were essentially calculated
for the points Vishakhapatnam and Madras as if they
were in the open ocean.

What phase relationship should we expect between
Vishakhapatnam and Bombay? By the above argu-
ments, we may expect interannual sea level at the
southern end of the Indian subcontinent to /ead that
at Vishakhapatnam, but by the Clarke and Van Gorder
(1994) mechanism, sea level at Bombay should lag
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that at the southern end of the Indian subcontinent.
Thus, we cannot definitely say, with present theoretical
arguments, whether Bombay should lead or lag Vis-
hakhapatnam.

5. Southeastern Indian Ocean sea level signal

The evidence and discussion in sections 3 and 4 sug-
gest that the interannual coastal sea level signal in the
northern Indian Ocean extends for over 6000 km and
is generated remotely along the equator by zonal winds.
Since the southern coast of Indonesia intersects the
equator, we might expect that this coastline would also
be influenced by a remotely generated equatorial signal.
Unfortunately, no long sea level records are available
along this coastline to check this hypothesis. However,
calculations using COADS interannual wind stress and
the Clarke and Liu (1993) model show that the effect
of the alongshore coastal interannual winds on sea level
is small. Therefore, the model sea level along Indo-
nesia’s southern coast is nearly the same as model sea
level in the northern Indian Ocean (see Fig. 7). Based
on model calculations and observed Indian sea levels,
it seems that interannual sea level along a more than
8000-km stretch of coastline from southern Java to
Bombay is generated remotely by zonal equatorial In-
dian Ocean winds.

The southeastern Indian Ocean boundary is broken
between Java and Australia (see Fig. 8). How does the
northwestern Australian sea level compare with that
along the southern coast of Indonesia and the northern
Indian Ocean? In this case data are available to answer
this question. We will use a northwestern Australian
sea level signal based on a combination of the Port

Interannual Sea Level (cm)
o
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FIG. 7. Interannual sea level at Vishakhapatnam, India (solid),
and Benoa, Indonesia (dashed). We calculated these time series using
the model of Clarke and Liu (1993) with COADS wind stress. The
locations of Vishakhapatnam and Benoa are given in Figs. 1 and 8,
respectively. The longer vertical lines on the abscissa mark mid-Jan-
uary of the years 1950, 1960, . .., 1990.

1990



1230

120°E

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 24

150°E

oTruk

30°S

oo
NB ¥ 8!
«a\
Bt Hedland
Australia
30°S

120°E

150°E

Fi1G. 8. The gappy western equatorial Pacific/southeastern Indian Ocean boundary region. The
dashed line is the 200-m isobath. SI: Solomon Islands, NB: New Britain, NI: New Ireland, NG:
New Guinea, H: Halmahera, C: Celebes, Ph: Philippines, B: Borneo, J: Java, S: Sumatra. ( After

Clarke 1991.)

Hedland and Darwin stations on the northwestern
Australia coast (see Fig. 8) as described in Clarke
(1991). Additional Australian sea level observations
(Pariwono et al. 1986) show that this signal is repre-
sentative of the signal along the whole southeastern
boundary of the Indian Ocean and, indeed, also along
the coastline as it continues around to form Australia’s
southern coast. In our analysis we have corrected the
Darwin /Port Hedland sea level for the (small) effect
of atmospheric pressure using the Darwin atmospheric
pressure record.

Where does this Australian interannual sea level sig-
nal come from? Based on low frequency theory for the
gappy western boundary of the Pacific, Clarke (1991)
suggested that interannual Rossby wave signals gen-
erated in the interior of the equatorial Pacific would
propagate westward, be largely not stopped by the Aus-
tralian / New Guinea landmass and hence would influ-
ence Australia’s western coast. Clarke supported his
conclusion observationally by showing that the north-
western Australian signal was highly correlated with

the interannual western Pacific signal at Truk Island
(for location, see Fig. 8).

Another way to test whether the western Australian/
southeastern Indian Ocean boundary sea level is of
equatorial Pacific origin is to see if it can be calculated
using equatorial Pacific wind stress. We used The Flor-
ida State University Pacific wind stress dataset (see
Stricherz et al. 1992) and the forced equatorial wave
model of Clarke and Liu (1993) applied to the Pacific
with the western boundary condition of Cane and Gent
(1984) replaced by one appropriate for the gappy west-
ern Pacific boundary. Both du Penhoat and Cane
(1991) and Clarke (1991) have considered low-fre-
quency reflection from the gappy western Pacific
boundary using different models and obtained nearly
identical results for the amplitude of the reflected
equatorial Kelvin wave. We base our resuits on the
Clarke (1991) model.

The equatorial Kelvin and ﬁrst meridional mode
equatorial Rossby waves dominate the western bound-
ary low-frequency reflection (duPenhoat and Cane
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1991; Clarke 1991) and only these were included in
the Clarke and Liu forced wave model. Given the in-
coming first meridional equatorial Rossby wave, the
reflected equatorial Kelvin wave amplitude and the
western Australian pressure field can be determined
for each vertical mode using Clarke’s model. We used
only the first two baroclinic modes in the model since
these dominate the sea level response. These were
summed to obtain an estimate of the interannual west-
ern Australian sea level.

A comparison of calculated and observed interan-
nual sea level is shown in Fig. 9. The time series are
visually correlated and calculations show, using Chel-
ton ( 1983), that the correlation coeflicient (.58) is sig-
nificant at the 95% significance level (0.40). The time
series satisfy the linear relation

observed = (0.89) computed, (5.1)

with the regression coefficient having confidence in-
tervals £ 0.23. Thus, the predicted time series has about
the same amplitude as that observed. Given the noise
in the sea level data and the wind data as well as the
simplicity of the theory, the results are quite good.
The above has suggested that the southeastern Indian
Ocean interannual signal is of west Pacific origin and
therefore is, essentially, the ENSO signal. How does
this signal compare to the interannual signal in the
northern Indian Ocean? Figure 10 compares the sea
level at Vishakhapatnam with that at Darwin/Port
Hedland. The correlation coefficient for the two time
series is 0.370, which is not significant at the 95% sig-
nificance level (0.41) but is at the 90% level (0.369).
This weak correlation is a little surprising because al-
though calculations show that the Java/Sumatra/Ma-
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FiG. 9. Model northwestern Australian interannual sea level
(dashed line) and observed (Darwin/Port Hedland) northwestern
Australian-sea level. Based on Chelton (1983), the time series are
significantly correlated (correlation coefficient = 0.58, 95% signifi-
cance level = 0.40). The longer vertical lines on the abscissa mark
mid January of the years 1955, 1960, ..., 1990.
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FI1G. 10. Observed interannual western Australian sea level (Dar-
win/Port Hedland) and observed interannual sea level at Vishak-
hapatnam. These time series are weakly positively correlated (cor-
relation coefficient = 0.370), significant at the 90% level (.369) but
not at the 95% level (0.41). The longer vertical lines on the abscissa
mark mid January of the years 1955, 1960, . .., 1990.

laysia landmass extends far enough north and south
of the equator to essentially block low frequency ocean
signals, some observations have pointed to a connec-
tion between atmospheric oscillations over the two
oceans (e.g., Rasmusson et al. 1990; Barnett 1983).
Model Vishakhapatnam and Darwin/Port Hedland sea
levels depend on zonally integrated equatorial wind
stress in the Indian and Pacific Oceans, respectively,
and these model sea levels are, like the observed inter-
annual sea level, positively correlated (0.469) at the
90% significance level (0.37) but not at the 95% sig-
nificance level (0.472). A positive correlation is con-
sistent with zonal equatorial interannual wind stress
in each ocean blowing in opposite directions. For ex-
ample, when the zonal interannual equatorial winds
in the Pacific are westerly, the zonal interannual equa-
torial Indian Ocean winds are easterly and sea level
falls at the western Pacific and eastern Indian Ocean
boundaries so that model Vishakhapatnam and Darwin
sea levels both fall. This was the situation, for example,
during the 1972 Pacific warm event—the interannual
sea level was low in both oceans then, and Fig. 8 of
Barnett (1983) shows that in September/October of
1972 Pacific equatorial winds were anomalously west-
erly and Indian Ocean equatorial winds anomalously
easterly. But while this or its reverse also happens dur-
ing other ENSO cycles, it often does not, and the sea
level correlation is therefore weak.

6. Interannual transport between the Indian and
Pacific Oceans

At the very low interannual frequencies of inter-
est, Rossby wave east—west scales are very large so
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FiG. 11. Simplified version of the western Pacific boundary in which the only landmasses are
New Guinea/Australia and the surrounding shelf and Indonesia/Borneo/ Asia and its surrounding
shelf. This simplification can be argued dynamically for flow on interannual time scales (Clarke
1991). The pressure ps, west of Australia, of equatorial Pacific Ocean origin in general differs from
the pressure py, west of Java and of equatorial Indian Ocean origin. This pressure difference leads
to an interannual zonal flow between the oceans (after Clarke 1991).

the pressure signal ps at the western Australian coast
will extend almost unchanged past the southern tip
of Java (see Fig. 11). But the interannual pressure
signal py along the Java coast, being on the eastern
boundary of the Indian Ocean, will be approxi-
mately equal to that at Vishakhapatnam. Since the
Java and western Australian signals differ, there is
an interannual pressure discontinuity and, by geos-
trophy, a consequent interannual flow of water be-
tween the two oceans. Because very long Rossby
waves propagate east-west, the interannual flow
should extend as a jet west of the southern tip of
Java. In practice the jet is of finite width. Clarke
(1991) has previously used such dynamics to esti-
mate the interannual flow between the oceans but
his estimate assumed that there was no Indian
Ocean signal and that all of the western Australian
signal was in vertical mode 1. We will revise this
estimate below using an improved calculation of
the interannual pressure difference.

An estimate of the upper-layer volume transport 7
from Indian to Pacific Oceans is

~
I

0 N
f f udydz
~h(ty Js

0
J‘—h(t) [ps(z, 1) — pn(z, )1/ (pof)dz. (6.1)

In (6.1) u refers to eastward velocity, y to distance
northward from the equator, z to distance vertically
upward from the ocean surface, ¢ to time, po to mean
water density, fto the Coriolis parameter at the latitude
of southern Java, A(t) to the depth of the uppermost
zero of u, ps to the pressure south of Java, py to the
pressure west and north of the southern tip of Java,
and S and N to latitudes just south and north of the
southern tip of Java.

Unfortunately, we cannot do the calculations in (6.1)
with observed sea level since, given just sea level, we
only know ps and py at the surface z = 0. However,
our calculations for the Indian Ocean with observed
winds indicate that the pressure signal is dominated by
vertical modes 1 and 2 and that these modes are in
phase (see Fig. 12a) with amplitude ratio 1:2.51. Thus
we estimate py as
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FIG. 12. (a) Interannual model sea level at the eastern Indian
Ocean boundary for vertical modes 1 and 2. The modes are in phase
and the rms amplitude ratio of mode 1 to mode 2 is 1:2.51. (b)
Interannual model sea level along the western Australian coast for
vertical modes 1 and 2. The modes are in phase and the rms amplitude
ratio of model to mode 2 is 1:1.72. For both (a) and (b) the longer
vertical lines on the abscissa mark mid-January of the years 1960,
1970, 1980, and 1990.

1 (R(2) Ri(2)
Pz, D) =34 (R.(O) 231 270)

where 7y is the interannual sea level west and north of
the southern tip of Java and R/( z) is the vertical mode
J eigenfunction. Since calculations suggest that inter-
annual sea level is nearly spatially constant along the
boundary, we will represent ny by the interannual sea
level at Vishakhapatnam. Note that the key result that
the vertical modes are in phase makes sense physically;
the sea level at the eastern boundary is dominated by
the vertical modes 1 and 2 equatorial Kelvin waves,
and at interannual frequencies their phase does not
change much in the less than 2 months time it takes
them to reach the boundary from the equatorial inte-
rior.
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The southern pressure ps(z, ¢) can also be found by
using the results of the Pacific Ocean calculation de-
scribed in section 5. The western Pacific equatorial
ENSO signal is mainly generated in the central /west
equatorial Pacific [see Fig. 16 of Kessler (1990)]. It
only takes first and second vertical mode first meridi-
onal mode Rossby waves a few months to reach the
boundary so we expect these to be essentially in phase
when they reach the boundary. Calculations with FSU
winds verify that western Pacific equatorial sea level is
in phase for modes 1 and 2 (see Fig. 12b) and calcu-
lations using Clarke (1991) give (see the Appendix)

R,(z)

2 -——‘—)gns, (6.3)

__1_ R(z)
Ds(z,t) = (—+ 1.7 Ro(0)

2.72 \ R,(0)

where s is the interannual western Australian sea level.

With these estimates of ps and py, an estimate T for
the upper-ocean transport from the Indian to the Pacific
Ocean can be given using (6.1). The result is shown
in Fig. 13. The transport T is well correlated (corre-
lation coefficient 0.80, 95% significance level = 0.61)
with a transport estimate that depends solely on pg (see
Fig. 13). Since ps is closely related to the western Pacific
ENSO signal, we see that the transport is correlated
with ENSO. Thus, when a Pacific warm event occurs,
Pacific equatorial zonal winds are anomalously west-
erly, the western Pacific sea level falls, ps is negative
and, by geostrophy, there is flow from the Indian Ocean
into the Pacific. This mechanism is not always clearly
apparent, however. For example, during the 1982-83
warm ENSO event, the biggest of this century, the in-
terocean transport was near zero because zonal equa-
torial Pacific westerlies and zonal equatorial Indian
Ocean easterlies, which often occur together (see
section 5), made the sea level difference and hence

Interannual Transport (Sv.)

_5~ L 1 Il 1 1

1958 1963 1968 1973 1988

Year

1978 1983

FIG. 13. Estimated [see Eq. (6.1)] interannual upper-ocean trans-
port T from the Indian to the Pacific Ocean (solid line). Also shown
is the same transport calculated with Indian Ocean pressure py = O.
The longer vertical lines on the abscissa mark mid-January of the
years 1958, 1963, ..., 1988.
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| pn — ps| small. Based on this idea Wyrtki (1987)
suggested that the interannual throughflow is small and
unrelated to the ENSO signal. However, we find that,
on average, the Pacific ENSO signal is larger than the
Indian Ocean signal and that the interannual through-
flow is correlated with ENSO.

Our interocean transport estimate, while qualita-
tively similar to Clarke (1991) in that it depends mainly
on ps, is smaller than his. This is mainly because two
vertical modes instead of one are used to estimate the
upper-ocean transport and the inclusion of the second
vertical mode results in the upper-ocean depth /()
being smaller. Our mean value of 4(¢) is 411 m and
the average transport amplitude, defined V2 times the
rms transport is 2.2 Sv (Sv = 10% m®s™!). This is
smaller than mean transport estimates, which range
from 5 to 16 Sv (Godfrey 1989).

We note that our interannual transport estimate is
similar qualitatively to that obtained with the inter-
annual transport estimate of Kindle et al. (1989). They
used a global multilayer numerical model forced by
the European Centre for Medium-Range Weather
Forecasts 1000-mb winds to estimate the throughflow
for the years 1980-1987. Their interannual transport
had similar phase and amplitude to ours over the 8-
year interval of overlap.

Given that our transport calculation involves differ-
encing noisy sea levels, we decided to compare our
estimated transport with that obtained from (6.1) with
pn and ps directly calculated from the model using
COADS (Indian Ocean) and The Florida State Uni-
versity (Pacific Ocean) wind stress. The transports were
positively correlated but not significantly. However,
they both had similar amplitudes (\/5 rms = 2.6 Sv
and 2.5 Sv) and were of similar character in that they
were significantly correlated with the ENSO signal in
the western Pacific.

7. Concluding remarks

Our study has suggested that the interannual sea level
signal along the ecastern Indian Ocean boundary,
stretching more than 8000 km from southern Java to
Bombay, is generated remotely by equatorial interan-
nual zonal winds. The eastern Indian Ocean boundary
is broken between Java and Australia and the north-
western Australian interannual sea level is not well
correlated with that in the northern Indian Ocean. The
northwestern Australian sea level is larger in amplitude,
of west Pacific origin, and consequently highly corre-
lated with ENSO. By geostrophy, the upper-ocean in-
terannual transport of water between the Indian and
Pacific Oceans can be found by subtracting an appro-
priately weighted difference of the interannual Java and
northwestern Australian sea levels. The average inter-
annual transport amplitude is about 2.5 Sv and has a
tendency to be from the Indian to the Pacific Ocean
when a warm ENSO event occurs and the west Pacific

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 24

sea level is low. The transport tends to reverse for a
cold ENSO event.
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APPENDIX

Reflection at the Western Pacific and Western
Australian Interannual Pressure

Write the northwestern Australian pressure for ver-
tical mode j as D;(¢) R/ z) and the pressure for the mode
Jj equatorial Kelvin wave leaving the western Pacific
gappy boundary as

p = K)o (¥B'?ci ' *)Ri(2), (A1)

where Y is the zeroth Hermite function, 8 = df/dy,
and ¢; is the phase speed of the jth equatorial Kelvin
wave. From the results of Clarke (1991),

D, 0595

K, 0415 1.43,

D, 0.581

X 05" 1.34. (A2)

But calculations using FSU wind stress and our Pacific
equatorial model (see Fig. 12b) show that K, and K;
are in phase, and, on average, have an amplitude ratio

Kz/K[ = 1.84. (A3)
From (A2) and (A3),

This result then enables us to estimate ps(z, ¢) in (6.3).
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