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ENSO signature in the sea level along the coastline of the Indian subcontinent
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Evidence for the signature of El Nino-Southern Oscillation (ENSO) phenomenon in the monthly mean sea level at 8
tide gauge stations on the west coast and 7 stations on the east coast of the Indian subcontinent is presented. The Southern
Oscillation Index (SOI, indicator of the ENSO phenomenon) available continuously from 1933 onwards, was utilized to
examine the relationship between sea level and ENSO. The relationship between sea level and SOI is direct, with the sea
level decreasing during El Nino years and increasing during La Nina years. The signature of ENSO is particularly
conspicuous in the sea level records on the east coast as compared to those on the west coast. Reduced rainfall over the
Indian subcontinent and resultant river discharges, remote forcing by interannual zonal winds along the equator and reduced
Indonesian Throughflow could be the probable factors explaining the low sea level along the coastline of the Indian
subcontinent during ENSO events. The interannual sea level along the coastline of the Indian subcontinent shows more or
less synchronous movement-the rise and fall is nearly simultaneous. At low frequency, spatial coherence of sea level is very

large.
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Introduction

Monthly mean sea level can be used to monitor the
large scale, low frequency circulation of the oceans'™
and can also be used for predicting the seasonal
rainfall’, a very important meteorological parameter
for agriculture related activities. A major component
of the climate of the Indian subcontinent is the
summer monsoon, which is linked to global climate
through planetary scale processes in the atmosphere
and ocean. Shankar & Shetye’® showed that
interdecadal sea level changes along the Indian coast
and the variability of the monsoon rainfall are inter-
connected. Das & Radhakrishna’ analysed the sea
level records at Bombay, Cochin, Madras and
Visakhapatnam, concluding that all the stations show
both long period (50-60 year period), and shorter
period fluctuations of 4.5 to 5.7 years. Perigaud &
Delecluse® have discussed Indian Ocean sea level
variability using Geosat altimeter data of 4.5 years
duration. They showed the signature of Rossby waves
west of the Indo-Pacific throughflow region, in the
southern tropical Indian Ocean. Clarke & Liu’
demonstrated that the atmospheric pressure corrected
sea level is correlated along the northern Indian
Ocean boundary. Murtugudde & Busalacchi'
examined the sea level records at some stations along
the Indian coastline, in their study on the interannual
variability of the dynamics and thermodynamics of

the tropical Indian Ocean, and the results are similar
to Clarke & Liu’ with regard to the sea level
variability. Shankar and Shetye'' showed that the
mean sea level along the coast of India is higher in the
Bay of Bengal than in the Arabian Sea, the difference
in sea level between Visakhapatnam and Bombay
being about 30 cm. Based on simulations from a one-
and-half layer reduced gravity model, they attributed
this difference to the mean, large-scale wind forced
circulation (~60%) and the alongshore gradient in
salinity (~40%).

The largest non-tidal changes of sea level evident
in the Pacific Ocean are due to ENSO events. During
these ENSO events, approximately one metre of water
column is transferred from the western equatorial
Pacific to the South American coast, with changes
clearly noticeable in tide gauge records™'*" and in
satellite altimetry'*.

Several compilations on the subject of sea level and
its relationship with ENSO are available in the
literature™*'>'>2!_ The probable influence of ENSO
events on the coastal sea level along the Indian
subcontinent has not been reported in the literature.
The main objective of the present study is to examine
the relationship between Southern Oscillation Index
(SOI) and the corresponding sea level records at
different tide gauge stations along the coastline of the
Indian subcontinent.
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Materials and Methods

Tide gauge data on sea level collected at eight
stations along the west coast of India (eastern Arabian
Sea) viz. Cochin, Mangalore, Karwar, Mormugao,
Bombay, Bhavnagar, Kandla, and Karachi (Pakistan)
and seven stations along the east coast of India
(western Bay of Bengal) viz.  Tuticorin,
Thangacchimadam, Nagapatnam, Madras,
Visakhapatnam, Paradip and Sagar Island were
utilized in this study (Fig. 1 and Table 1). For the west
coast, a total of 276 station years of data were used,
whereas for the east coast it was 214. Island stations
far off from the main coastline were not considered in
this study. Karachi is included in the present study, as
it is situated just outside the Tropic of Cancer and is
also the northernmost limit of the eastern Arabian
Sea. The latitudinal distance between the extreme
stations on the west coast (Cochin and Karachi) is
1650 km while on the east coast (Tuticorin and Sagar
Island) it is 1430 km. The data used (Table 1) in this
study were provided by the Permanent Service for
Mean Sea Level (PSMSL), UK, which compiles and
archives monthly and annual mean sea level data
received from different national organisations
throughout the world®. The Revised Local Reference
(RLR) data of the PSMSL that are more accurate than
the other data sets (e.g. metric data sets, also
published by PSMSL)-were used in this analysis. The
monthly mean values were computed by averaging
hourly values of a tidal record for each month.
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Fig. 1—Station location map

The dynamically relevant subsurface pressure near
the water surface is the sum of pressure due to the
measured sea level and the fluctuating atmospheric
pressure. In an earlier study, Clarke & Liu’ showed
that the amplitude of atmospheric pressure is only
about 25% of that of sea level at Bombay, Mangalore,
Madras and Visakhapatnam and that there is very
little variation along the boundary. Since the
atmospheric pressure record at Bombay is the longest,
they used it to adjust the pressure at all the sea level
stations. In the present study also this adjustment for
atmospheric pressure was done using Bombay mean
sea level atmospheric pressure data, published by
Parthasarathy et al®. However, in a more recent
study, the monthly mean sea level pressure series in a
tabulated form, dating way back from 1796 at Madras
is available®. The detrended anomaly of atmospheric
pressure has an amplitude of about 18% of that of the
detrended anomaly of observed sea level at Bombay
(based on the ratio of the standard deviations). The
sea level (cm) was corrected by adding the equivalent
of atmospheric pressure in centimeters of water. This
was done prior to any statistical processing
(separation of anomalous components, trends,
smoothening, etc.). In the following discussion, sea
level will refer to the pressure-corrected sea level
unless otherwise explicitly mentioned.

Table 1—Details of the sea level data used in the present study

Station 1 2 3

West coast
Karachi 1937 1947 11
Kandla 1950 1987 38
Bhavnagar 1937 1955 19
Bombay 1878 1988 111
Mormugao 1969 1980 12
Karwar 1970 1988 19
Mangalore 1961 1976 16
Cochin 1939 1988 50
Total - - 276

East coast
Tuticorin 1964 1980 17
Thangacchimadam 1969 1983 15
Nagapatnam 1971 1988 18
Madras 1952 1988 37
Visakhapatnam 1937 1988 52
Paradip 1966 1988 23
Sagar Island 1937 1988 52
Total - - 214

1—Starting year of data
2—Ending year of data
3—Total number of years
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The SOI [Southern Oscillation Index] series is the
standardized pressure difference between Tahiti and
Darwin®. The extreme values of SOI have received
attention because of the association of strong negative
values with occurrence of El Nino (warm) events and
strong positive values with La Nina (cold) events.
Continuous monthly time series data on SOI were
available only from 1933 onwards, and the data prior
to this year were discontinuous, with large gaps. For
the 1933-1988 period, the highest positive value of
2.9 (La Nina) occurred during November, 1973 and
the highest negative value of 4.6 (El Nino) occurred
during February, 1983. Anomalies of the monthly
mean sea level at various stations were determined by
removing the mean seasonal cycle and then the series
were detrended. These data were then smoothened
with a 13-month moving average for the estimation of
the correlation coefficients and associated statistical
parameters (percentage variance accounted by the
linear regression, slope, and standard error on slope of
the regression line), with detrended and 13-month
moving averages of SOI. The data were detrended to
remove the secular trends. Smoothening with a 13-
month moving average (functions as a low pass filter)
involves the loss of 6 data points each at both ends of
the data record i.e. a total of 12 data points, but it
helps in removing irregular fluctuations. Only these
smoothened data are discussed in the text.
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The correlation coefficients between the detrended
13-month smoothened anomalies of sea level at each
station against the other fourteen stations were also
calculated. This was done to examine the spatial
coherence of sea level along the Indian subcontinent.
To determine whether there is any serial correlation in
the time series’®?’, Durbin-Watson “D” test was
performed. The “D” statistic was less than 0.10 for all
the stations, suggesting highly significant serial

correlation in the data.

Results and Discussion

Statistics of the observed sea level and atmospheric
pressure time series

Much of the material presented in this section is
from a study conducted with the same data, although
in a different context®®. However, the data in the
present study pertain to pressure corrected sea level
whereas the data used in the referred study were
observed sea level. The standard deviation of the
observed data and anomalies (de-seasonalised data)
were generally found to be high along the east coast,
as compared to the west coast, suggesting very
energetic, seasonal as well as interannual signals
along the east coast”” (Table 2). The monthly
anomalies were determined by subtracting the mean

Table 2—Statistics of the sea level (cm) time series at various stations along the west and east coasts of the
Indian subcontinent as well as that for the atmospheric pressure (mb) series at Bombay.

1 2
West coast
Karachi 6.0 11.6
Kandla 12.0 17.6
Bhavnagar 26.8 63.2
Bombay 6.7 11.8
Mormugao 7.4 18.1
Karwar 9.0 21.4
Mangalore 8.5 23.4
Cochin 8.1 18.4
Bombay — pressure 3.7 10.3
East coast
Tuticorin 7.5 13.0
Thangacchimadam 17.5 471
Nagapatnam 13.3 38.5
Madras 11.1 30.2
Visakhapatnam 15.6 43.6
Paradip 16.9 40.7
Sagar Island 21.9 48.3

1—Standard deviation of the entire time series
2—Range of the mean seasonal cycle
3—Standard deviation of the mean seasonal cycle
4—Standard deviation of the anomaly time series

3 4 5 6 7
34 4.9 32.8 27.0 58.7
5.0 10.9 17.5 85.3 8.2
22.1 15.1 68.2 98.3 1.0
34 5.8 26.1 23.0 47.4
6.2 4.0 70.5 91.4 33
6.9 5.8 58.2 82.4 13.6
5.9 6.1 49.2 1.8 41.6
6.0 54 553 84.0 8.1
3.5 1.0 93.1 97.2 1.8
4.6 5.9 37.6 75.2 22.6
15.5 8.1 78.3 83.4 12.5
12.0 5.7 81.5 553 40.4
8.9 6.6 64.2 46.2 48.8
14.0 6.9 80.3 75.8 21.3
15.2 7.4 81.1 91.5 7.0
18.1 12.3 68.2 96.1 33

5—Seasonal variance (%) contained in the entire series given by:- 100*(1-Var,/Var,,), where Var,is the variance of
the residual time series (i.e. anomalies) and Var,y is the variance of the original time series

6—Contribution of the annual component to the total variance of the mean seasonal cycle (%)

7—Contribution of the semi-annual component to the total variance of the mean seasonal cycle (%)
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monthly sea level for each month from the
corresponding month of the entire time series.
Bhavnagar on the west coast appears to have the
highest seasonal and interannual variations, probably
due to the discharge of the Narmada and other rivers,
as well as due to its unique location. The seasonal sea
level variances (%) contained in the entire time series
for the various stations show higher values at stations
on the east coast than those on the west coast. The
seasonal cycle is strong along the east coast as
compared to the west coast, in terms of year-to-year
variability. At least six stations (out of seven) have a
value of more than 64%, along the east coast, whereas
along the west coast only two (out of eight) have a
value more than 64%. Along the west coast, the
variance was maximum at Mormugao (70.5%) and
minimum at Kandla (17.5%) whereas along the east
coast, the variance was maximum at Nagapatnam
(81.5%) and minimum at Tuticorin (37.6%). The
seasonal cycle is complex and shows remarkable
variability, even at closely spaced stations. This
complexity seems to be more conspicuous along the
west coast than on the east coast. In earlier studies on
seasonal variability of sea level along the coastline of
the Indian subcontinent, a few stations showed highly
significant relationship with coastal alongshore
current’®. Reversals in the currents were clearly
reflected in the sea level changes, thus suggesting that
the sea level records at these stations would be useful
for long term monitoring of the surface geostrophic
flow along the coastline of India. The relationship
between observed sea level and coastal alongshore
current is due mainly to the Coriolis force, which is
responsible for deflecting the mass. Due to the action
of the Coriolis force, a slope is created perpendicular
to the direction of the currents and hence a change in
sea level along the coast accompanies the change in
coastal currents. When looking in the direction of the
flow in the northern hemisphere, the height of the sea
level is greater on the right hand side and lower on the
left hand side.

The seasonal variance of the coastal alongshore
currents was found to be more off the east coast than
off the west coast of India, indicating that the
alongshore currents are more energetic along the east
coast as compared to the west coast”’. The western
boundary currents are characteristically fast, deep and
narrow while the eastern boundary currents are
characteristically slow, shallow and wide. Currents
driven by the alongshore density difference could be
stronger along the east coast than off the west coast,

because of the substantial river discharge into the Bay
of Bengal, which is more than four times that into the
Arabian Sea. The stronger coastal currents could be
the reason for higher ranges in sea level along the east
coast. The interannual variability in sea level also
shows a complex nature along the west coast, whereas
along the east coast, the maximum interannual
variability was consistently seen during November,
probably due to the interannual variation in the
rainfall over the Indian subcontinent and associated
river discharge, during that month. The annual
maximum in rainfall was also seen during that month
for some of the stations™.

The percentage variances explained by the annual,
semi-annual and ter-annual components of the
climatological mean seasonal cycle of the sea level
and atmospheric pressure, which were determined by
harmonic analysis, are presented in Table 2. These are
presented to appreciate the dominance of the
particular component (annual or semi-annual). A
domination of the annual over the semi-annual cycle
was seen at five out of eight stations along the west
coast, whereas it was six out of seven stations, along
the east coast. Further, out of the fifteen stations, a
strong domination of the annual over the semi-annual
cycle was seen at ten stations. In general, the annual
component dominated the semi-annual component,
for all the stations, except for Karachi, Bombay,
Mangalore and Madras. At Mangalore, the ter-annual
component™ was the most dominant one (44.8%),
while the contribution by the annual component was
hardly 2%. Bombay also showed a relatively high
value of about 20% for the ter-annual component™.
The ter-annual component was less than 4%, for all
the east coast stations™.

The seasonal variance (%) contained in the entire
time series for the atmospheric pressure suggested
very good seasonality (93.1). In other words, the
seasonal cycle repeats itself year to year, in a more or
less similar manner. It is the only series having strong
seasonality among the ones presented in Table 2. To
appreciate better the relationship between the seasonal
and interannual variations of atmospheric pressure
and sea level at Bombay, the march of the mean
monthly data on the two parameters, as well as that of
the standard deviations over a particular month, for
the entire period of study are presented (Fig. 2). The
mean climatological cycle of the atmospheric pressure
shows a concave shape, the range being 10.3 mb. A
very strong domination of the annual over the semi-
annual cycle was seen, with the percentage variance
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Fig. 2—Seasonal march of mean monthly atmospheric pressure and sea level, as well as their standard deviations over the months, for
Bombay. SD is the standard deviation of the mean seasonal cycle.

accounted by the annual cycle being (97.2%) as
compared to the semi-annual cycle (1.8%). The
standard deviation of the atmospheric pressure over
the different months did not vary much (less than 1.2
mb), the maximum during September (1.2 mb), and
minimum during April (0.7 mb).

The mean climatological cycle of the sea level
shows a concave shape although not to that degree as
seen for the atmospheric pressure, with a slight hump
during the summer monsoon months, the range of the
mean seasonal sea level being 11.8 cm. A domination
of the semi-annual over the annual cycle was seen,
with the percentage variance accounted by the semi-
annual cycle being (47.4%), as compared to the
annual cycle (23.0%). The standard deviation of the
sea level over the different months showed a
maximum during August (6.4 cm) and minimum
during May (5.3 cm). The least interannual variability
is seen during the premonsoon and postmonsoon
seasons and the maximum variability during the
summer monsoon season, in respect of sea level. The
interannual variability in the case of sea level is,
however, more conspicuous as compared to the
atmospheric pressure. The mean climatological cycles
of the atmospheric pressure and sea level at Bombay

showed a correlation of 0.20 (12 values), indicating
no significant associationship. On the other hand, over
interannual time scales, the correlation between the
atmospheric pressure and sea level anomalies was
—0.29 (1332 wvalues), indicating a comparatively
stronger negative associationship.

The sea level on an average, over large areas
responds to the atmospheric pressure as an inverted
barometer (i.e., 1 cm decrease in sea level for 1mb
increase in atmospheric pressure and vice-versa).
Wind-driven signals correlated with pressure-driven
signals lead to significant apparent deviations from
the expected inverted barometric effect, particularly
over the tropics. In the present study, the inverted
barometer response was 1.6 cm/mb.

Anomalies of sea level along the coastline of the
Indian Subcontinent

Time series of the detrended and smoothened
anomalies of sea level are presented for stations on
the west coast in Fig. 3, and in Fig. 4, for the east
coast stations. Some basic statistics for the data sets
displayed in Figs 3 and 4 are presented in Table 3. For
the west coast, the maximum standard deviations are
seen at Bhavnagar and Kandla, whereas for the east
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Fig. 3—Detrended and 13-month moving averaged monthly mean sea level anomalies at different stations along the west coast of the
Indian subcontinent. The y-axes scales are different. The bottom panel contains the detrended and 13-month moving averages of the SOI
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coast, it is at Sagar Island. The stations that showed
an anomaly range over 25 c¢m, include Sagar Island,
followed by Kandla and Bhavnagar. It is possible that
the large range in anomalies seen for Sagar Island

Table 3—Statistics of the smoothened anomalies of sea level (cm)

Station Standard Minimum Maximum Range of
deviation value of value of anomaly
anomaly anomaly

West coast
Karachi 2.1 -7.2 2.9 10.1
Kandla 6.0 -12.7 14.3 27.0
Bhavnagar 6.6 -12.4 14.0 26.4
Bombay 2.4 -6.1 6.4 12.5
Mormugao 1.4 -3.1 2.5 5.6
Karwar 2.5 -7.2 6.4 13.6
Mangalore 2.2 -3.9 53 9.2
Cochin 33 -8.0 8.6 16.6

East coast
Tuticorin 3.9 -5.6 13.2 18.8
Thangacchimadam 3.3 -5.8 6.3 12.1
Nagapatnam 2.5 -4.8 6.6 11.4
Madras 3.1 -85 6.3 14.8
Visakhapatnam 33 -7.9 7.4 15.3
Paradip 3.7 -8.6 8.3 16.9
Sagar Island 8.7 -21.8 16.7 38.5
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and Bhavnagar could be the result of freshwater
discharge of rivers.

The bottom curves in both the figures show the
detrended and smoothened SOI. The drop in sea level
associated with the drop in SOl is clearly seen at most
of the stations. The drop associated with the events in
the El Nino years of 1972-73, 1982-83 and 1987-88
are clearly brought out for both the coasts. This
phenomenon is particularly conspicuous along the
east coast. Table 4 shows the correlation coefficients
(at zero lag) between the SOI and the sea level
anomalies, together with the slopes of the
corresponding regression lines and the percentage of
variation explained by the correlation coefficients for
individual stations. There was, however, no
significant difference in correlation between the
observed sea level (uncorrected for the effect of
atmospheric pressure) and SOl/pressure corrected sea
level and SOI. This suggests that the effect of
atmospheric pressure variation on sea level at
interannual time scales may not be that important
along the coastline of the Indian subcontinent.

Generally, a significant correlation exists between
the anomalies of sea level and SOI (Table 4). With the
exception of two stations on the west coast

Table 4—Correlation between the SOI and sea level anomalies at stations along the Indian subcontinent,
for the data presented in Figures 3 and 4.

Station 1 2 3 4 5 6

West coast
Karachi 120 -0.265%* 0.187 0.244 7.00 -0.75240.66
Kandla 444 0.179** 0.096 0.125 3.19 1.556+1.06
Bhavnagar 216 0.110™ 0.136 0.178 1.21 -
Bombay 660 0.188** 0.081 0.106 3.52 0.68110.36
Mormugao 132 -0.124™ 0.173 0.226 1.54 -
Karwar 216 0.461** 0.149 0.194 21.26 1.52610.52
Mangalore 180 0.570%* 0.169 0.221 32.51 1.98440.56
Cochin 588 0.372%* 0.088 0.114 13.82 1.73540.46

East coast
Tuticorin 192 0.191** 0.146 0.191 3.61 1.011+0.99
Thangacchimadam 168 0.154* 0.154 0.202 237 0.640+0.63
Nagapatnam 204 0.372%* 0.148 0.194 13.82 1.25710.57
Madras 432 0.487** 0.106 0.139 23.72 2.188%0.49
Visakhapatnam 612 0.539%* 0.091 0.119 29.03 2.514+0.41
Paradip 264 0.597** 0.141 0.185 35.69 3.0570.66
Sagar Island 612 0.256** 0.085 0.111 6.57 3.199+1.26

1 Number of months of data used

2 Correlation coefficient

3 95% confidence limits for correlation coefficient

4 99% confidence limits for correlation coefficient

5 Percentage variance explained by the correlation coefficient

6  Slope of the regression line

** 1% level of significance

*

95% level of significance
not significant

L
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(Bhavnagar and Mormugao), the correlation
coefficients at all the stations were quite significant.
Negative correlations were found for Karachi and
Mormugao (in the latter case, the value was not
significant). With these exceptions, broadly the sea
level anomalies were positively and significantly
correlated with SOL On the east coast, excluding
Thangacchimadam, which showed positive and
significant correlation with SOI at 95% significance
level, the rest of the stations showed a highly
significant (at 99% level) positive relationship with
the SOI. Mangalore and Paradip on the respective
coasts appear to be particularly conspicuous in this
respect, as the correlation coefficients explain the
maximum percentage of variance at these two stations
(32.5% and 35.7%, respectively). Normally 20-30%
of the variance in sea level anomalies at the various
stations appears to be associated with SOL. The slopes
of the corresponding regression lines indicate the
magnitude of variation in sea level anomalies that
could be attributed to SOI. These slopes suggest that
the sea level along the east coast is more influenced
than that along the west coast through the variations
in SOL The negative correlation for Karachi is
intriguing, however, this requires confirmation with
additional data and analysis.

Stations

Karachi
Kandia %/
Bhavnagar
Bombay {&
Mormugac
Karwar “
Mangalore &\
Cochin &
Tuticorin
Thangacchimadam i
Nagapatnam |
Madras
Visakhapatnam %
Paradip

Sagar |sland - —
-60 -40 -20

SO0l lags (menths)

Figure 5 shows the cross-correlations at + 60 lags
(lags are in months) between the SOI and sea level.
There is an indication that waves of approximate
periodicity of about 50-60 months are present in the
data. Furthermore, the SOI shows high negative
relationship with sea level, at a lead of about 20
months, suggesting that it has a predictive potential.

There are many studies supporting the present
results. Clarke & Liu’ studied the sea level records for
the coastlines of India and Pakistan to examine
interannual sea level variability in the northern Indian
Ocean. Their model study suggested that the
interannual sea level signal occurs along more than
8000 km of the Indian Ocean coastline extending from
Bombay to southern Java and is generated remotely by
interannually varying zonal winds along the equator.
Murtugudde & Busalacchi'® also showed a similar
result. The modelled upper ocean transport anomalies
across four sections along the east coast of India
indicated large interannual variability, with a
periodicity of 5-6 years’'. This periodicity conforms to
that of the ENSO phenomenon. ENSO events were
earlier reported to have a periodicity of approximately
5 years, but from recent studies, it is becoming
increasinglgf evident that they are occurring much more
frequently’”. It has been suggested that anthropogenic
activities are also responsible for this aspect.

0 20 40 60
SOl leads (months)

Fig. 5—Lagged correlation between the Southern Oscillation Index (SOI) and sea level for stations along the coastline of the Indian
subcontinent. The y-axis is not to scale.



SRINIVAS et al.: ENSO SIGNATURE IN THE SEA LEVEL 233

Many workers have examined the relationship
between the rainfall over the Indian region and the
ENSO events™™’. The general conclusion from these
studies is that Indian monsoon rainfall and ENSO
phenomena are closely associated-the monsoon
rainfall over India is poor during the years of El Nino
occurrence. Shankar & Shetye® suggested that
interdecadal variability of sea level at Bombay
mimicked the variability in rainfall over the Indian
subcontinent. They hypothesized that the seasonal
river outflows of the monsoon rainfall into the seas
around India, and the dynamics of currents along the
Indian coast, provide links between the rainfall over
the Indian subcontinent and the sea level along the
coast of India, with coastal salinity playing an
intermediate role. Shankar & Shetye'' concluded from
their studies that the spatio-temporal asymmetries
associated with the monsoon determine the sea level
difference between the Bay of Bengal and Arabian
Sea coasts of India. They suggested that this
difference could serve as an index of the impact of
monsoon on the Indian Ocean. The reduced rainfall
over the Indian subcontinent and resultant river
discharge could possibly explain the lower sea levels
during El Nino periods, seen in the present study.

The influence of the Southern Oscillation on
surface  meteorological  fields (sea  surface
temperature, air temperature, winds, atmospheric
pressure and cloud cover) over the Indian Ocean has
been reported in the scientific literature®*’. These
studies cover data sets of 2 to 3 decades in length, but
the 1982-'83 event was not included. As pointed out
carlier, this event was one of the strongest events in
the last century with the oceanographic effects clearly
brought out.

The percentage variance in residual adjusted sea
level (explained by SOI) was reported to be less than
10% for both the coasts of the Indian subcontinent,
based on tide gauge data constrained by space and
time scales*'. The strong associationship between the
sea level and SOI is clearly brought out by the larger
data set used in the present study.

It is suggested that the anomalously low sea level
observed during El Nino periods along the coastline
of the Indian subcontinent may be due to a number of
factors-reduced rainfall over the Indian subcontinent
and resultant river discharge. In the Indian Ocean,
minimum Indonesian throughflow occurs during
El Nino episodes that could also be playing a role™*.
Allan & Pariwono™ suggested that inter-ocean water
mass transport between the Pacific and Indian Ocean

is an important factor in northern Australian sea level
fluctuations.

Correlation coefficients (at zero lag) of the sea
level at each station against the other fourteen stations
are presented in Table 5. Thus, there are a total of 105
expected correlation coefficients. The contributions of
each case i.e., T99%, +95%, not significant, —95%,
—99% and no data (no synchronous time series data)
to the total number : 105 (in percentage) are 57.0, 2.9,
15.2, 2.9, 6.7 and 15.3, respectively. The prefixes
+ and — for the significance limits refer to the nature
of the relationship i.e. positive/negative. It is clear that
the correlation at +99% level (i.e. 57.0 %) forms the
major portion. In the following, only correlations at
199% significance level are discussed.

Out of the 67 sets having a significance of £99%
(Table 5), the number of sets with a percentage
variance greater than or equal to 30% is 30. About
93% of the observations (with a significance of 99%
and percentage variance above 30%) are due to a
positive relationship and 7% are due to a negative
relationship. Thus, positive correlation at 99% level
forms a very high proportion of the observations. Out
of the pairs with strong negative correlation (at 99%
level), Tuticorin was involved in 4 out of the 7 cases.

The only strong negative correlation at 99% level
among the neighbouring stations is that between
Cochin and Tuticorin (-0.29). The highest positive
correlation was between Visakhapatnam and Paradip
(+0.90) and highest negative correlation was between
Tuticorin and Sagar Island (-0.71).

The west coast stations are positively correlated
among themselves. The east coast stations beyond
Thangacchimadam are positively correlated among
themselves. Out of the 7 strongly negative
correlations, 4 are between west coast and east coast
stations. They are Cochin-Tuticorin, Mormugao-
Nagapatnam, Bhavnagar-Madras and Kandla-Sagar
Island, respectively. The other 3 instances are because
of strong negative relationships between Tuticorin
versus Madras, Paradip and Sagar Island.

The results suggest that the interannual sea level
along the coastline of the Indian subcontinent show
more or less synchronous movement. The rise and fall
is nearly simultaneous. At low frequency, spatial
coherence of sea level is very large '>**. Steric
effects will be far larger in magnitude than
meteorological ones at very low frequencies. The
negative relationship between interannual sea level at
Tuticorin versus that at Cochin, Madras, Paradip and
Sagar Island is interesting and intriguing. However,
this requires confirmation with additional data.
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Table 5—Percentage variance explained by the correlations among the sea level stations along the west and east coasts of the Indian subcontinent.

11 12 13 14 15

10

No

Station

100

Karachi

100

59.7

Kandla

100

4.6

Bhavnagar
Bombay

100

48.6

100

28.6

59.8

w)

Mormugao

Karwar

100
53.0

54.3

22.8

100

6.1

35.2

12.0

18.2

Mangalore
Cochin

100

8.3
384

63.6

7.7

42

48.0

100

5.0
55.1

18.6

Tuticorin

100

16.2

325 304

10 13.7 20.5

11

Thangacchimadam
Nagapatnam
Madras
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19.7 100
29.6

279

23.8 29.7

10.5

4.8 30.4 12.2 39.3 100
49.0

72.5

17.8

37.1

12
13
14
15

20.7 9.0 36.5 332 100
35.2 80.6

56.5

28.4

Visakhapatnam
Paradip

51.5 51.2 53.8 100
50.9

27.0

19.9

21.6

483

31.4

35
7.8

100

11.4

7.2

30.7

50.1

11.3

7.0

Negative correlations at 99% significance level are in bold italics. The rest of the values are positive correlations at 99% significance level.

The variance pertaining to + 95% level of significance as well as those of not significant correlations are not presented.

11.5

11.2

Sagar Island

The model studies on sea level in the Bay of
Bengal by Han & Webster' also suggest the
dominance of ENSO influence in the equatorial
Indian Ocean. The spectral analysis of modelled sea
level data, for a 41year (1958-98) period, revealed the
dominance of 5 year cycles as compared to other
cycles. Spectral analysis for a 32 year period (1958-
89) using tide gauge data at Visakhapatnam also
revealed the 5 year cycle.

Understanding the dynamics that cause the
interannual to decadal sea level oscillations in the
Indian Ocean will not only contribute to predicting
flooding (e.g. coastal regions of east coast of India
and Bangladesh) on interannual to decadal timescales,
but also improve our understanding of monsoon
variability and therefore lead to improved monsoon
prediction.

Conclusion

Most of the stations along the coastline of the
Indian subcontinent have shown a significant positive
relationship between the anomalies of sea level and
the SOI. All the stations along the east coast and most
of the stations on the west coast have shown that the
ENSO phenomenon account for a high percentage of
variability. The sea level relationship is one of lower
(higher) than normal during El Nino (La Nina)
periods.

The anomalously low sea levels observed during
El Nino periods along the coastline of India may be
due to a number of factors-reduced rainfall over the
Indian subcontinent and resultant river discharge,
remote forcing by interannually varying zonal winds
along the equator and reduced transport through the
Indonesian Throughflow. Continuous and
synchronous monitoring of sea level and associated
meteorological and oceanographic parameters, using
in-situ as well as remotely sensed data, in the Arabian
Sea and Bay of Bengal will be of immense help for
further studies on the effects of ENSO in the Indian
Ocean.
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