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finding the factor f,(v,). Indeed as (ro/A) reduces, the
errors in finding ¢” and y do contribute to large errors in
finding Q* and Z,,, due to the smallness of (a/A) and
hence the detectability suffers immensely. The limit for
detectability by this method appears, in a preliminary
estimate, to be (rg/A) = 0.12, far lower than the limit put
by Baltes and others for detection by usual intensity
measurements.

The effectiveness of our method can be understood from
the following argument. In the discussions on detectability,
Baltes and others considered whether the n =0 and the
n=1 peaks could be seen separately. This means they
were tackling the distinguishability of two peaks whose
amplitudes differ by a factor of (a/A)* and which are sepa-
rated by Av, = Q. In our extended matched filtering, once
the n = 0 peak is filtered out we are to distinguish the two
comparable peaks at n==x 1 but separated by a larger
Av, = 2Q%*. The latter, according to the Rayleigh criterion
or the Sparrow criterion'®", allows distinguishability of
the peaks for much lower values of ry. In the results pre-
sented here the errors are indeed tolerable, but the errors
in @* and a reach as high as 30%, when (ro/A) ~ 0.065.
This communication unmistakably establishes the extended
matched filtering as a promising new tool for detection of
hidden periodicities, purely from intensity data. Numerical
experiments choosing various sets of parameters are under
way and we further plan to advance this scheme by making
a statistical error analysis and issues of goodness-of-fit.
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Anomalously warmer waters, viz. the Arabian Sea mini
warm pool were reported in the southeastern Arabian
Sea, which is believed to drive the onset vortex of the
southwest monsoon. To understand the characteristics
of this mini warm pool, an experiment was conducted
on-board INS Sagardhwani during the middle of May
2000. Analysis of the oceanographic data revealed the
existence of a mini warm pool with temperature in
excess of 30.25°C along 9°N between 68 and 75.5°E
during the pre-onset period of the southwest monsoon.
This mini warm pool coincided with the regions of low
salinity (35.2 PSU) layer and its intensity inversely
correlated with the depth of the highly stable (E >
2000 x 10 m™) layer. At the core (73.5°E, 9°N) of the
mini warm pool, surface temperature was 31.2°C and
sea surface salinity was less than 34.6 PSU. This core
was found restricted to the upper S m water column
following the thickness of low-salinity pocket and the
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resulting increased vertical density stratification. This
communication clearly brings out the vertical stability
as an important parameter to correlate the intensity
of the warm pool. With the occurrence of the southwest
monsoon conditions, this mini warm pool dissipated
(SST decreased to ~ 30°C). Evidences were obtained for
the recirculation of low salinity Bay of Bengal water
mass under the influence of a clockwise gyre in the
study region.

A zone of anomalous warm water (30.8"C)1 was noticed
in the upper layers of the southeastern Arabian Sea prior
to the onset of the southwest monsoon, which coincides
with the onset vortex>’. This anomalous water is named
as the Arabian Sea mini warm pool. Few studies highlight
the importance of this mini warm pool for the onset and
rainfall variability of the southwest monsoon® . Utilizing
the historic datasets, Rao and Sivakumar® diagnostically
analysed the various factors to unravel this phenomenon.
The evolving stage of this warm pool is believed to start
with the formation of Laccadive High resulting from the
incoming Rossby waves®® during November/December.
Its intensity, extent and location vary from year to year.
In general, during the pre-monsoon season, due to clear
skies and weak winds, heat accumulates in the upper layers
of the Arabian Sea9’10, which leads to the formation of
shallow mixed layers. In addition, in the southeastern
Arabian Sea, low salinity Bay of Bengal water mass was
observed in the shallow mixed layer’, which produces
more stratification below the layer. Heat accumulates''
above this highly stratified layer and leads to the formation
of the mini warm pool. This mini warm pool, which is the
long-lasting warmest water among the world oceanic
regionslz’B, is conducive for the formation of onset vor-
tices of the southwest monsoon®”. Moreover, the higher
rate of transfer of heat and water vapour due to the higher
surface temperature, and its geographical extent affect the
monsoon onset and rainfall over India. Onset and advance
of the southwest monsoon in the Indian Ocean dissipate the
mini warm pool. Despite all these important factors, exclu-
sive experiments to observe the oceanographic conditions
of the Arabian Sea mini warm pool have not been carried
out so far. Hence, an experiment was conducted in the
Arabian Sea during May 2000 to study the characteristics
of this mini warm pool.

INS Sagardhwani made a survey along two spatial
transects (along 9 and 10.5°N lat.) across the warm pool,
i.e. between 67 and 76°E long. during 13-19 May 2000
(Figure 1). During this survey, temperature and salinity
profiles were collected using a Mini CTD (conductivity,
temperature and depth) system of SAIV, Norway (accu-
racy: temperature + 0.01°C, salinity £ 0.02 PSU) at 0.5
degree interval along the transects. Surface meteorological
parameters were also collected to understand the prevail-
ing weather.

In general, pre-monsoon conditions (clear sky, atmos-
pheric pressure > 1010 mb) prevailed east of 68.5°E along
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9°N, and monsoon conditions (overcast sky, atmospheric
pressure ~ 1005 mb, frequent rains) prevailed west of
68.5°E and all along 10.5°N (Figure 2). Along 9°N, sea
surface temperature (SST) continuously increased towards
east up to 73.5°E and decreased further towards the coast.
Correspondingly, the mixed layer depth (MLD), defined
as the depth at which the temperature drops by 0.2°C
(ref. 14) from SST, shoaled to a minimum of 5 m around
73.5°N and deepened (> 20 m) thereafter. Along 10.5°E,
SST was comparatively lower and did not exhibit any
warming trend towards east (steady around 30°C) due to
the onset of southwest monsoon.

The depth—space section of temperature (Figure 3 a)
revealed temperature in excess of 30.25°C in the upper
layers along 9°N, except near the coast and west of 68.5°E.
On closer examination it can be seen that there is a zone
of anomalous warmer waters (> 30.75°C) between 72.5
and 74°E, occupying the upper 8 m of the water column
(Figure 3). At the core (73.5°E, around the Laccadive
region), temperature in the upper thin layer (< 5 m) even
exceeded 31.2°C. Such regions of high temperature (> 31°C)
were quite unusual in other parts of the world oceans.
From the core (i.e. from 73.5°E), temperature decreased
towards the east and west, with a corresponding increase
in MLD. The reduction in temperature towards the east
was rapid (1.6°C over 220 km, i.e. from 31.2°C at 73.5°E
to 29.6°C at 75.5°E), while the decrease was gradual
towards the west (1.2°C over 600 km, i.e. from 31.2°C at
73.5°E to 30°C at 68°E). East of 75.5°E, the isotherms slope
towards the coast suggesting coastal upwelling, resulting
in low temperature (~ 29.6°C). As the southwest monsoon
condition had already set in (Figure 2) along 10.5°N,
temperature in the surface layers decreased by more than
1°C. The intermittent appearance of 30°C isotherms around
noon coincided with the afternoon heating.

The vertical section of salinity along the 9°N track
(Figure 3 b) indicated a layer of low salinity (< 35.2 PSU)
waters in the surface layers. Thickness of this low salinity
layer showed large spatial variations, with minimum thick-
ness around 68°E (5 m). Here, the isohalines showed a
bell-shaped structure indicating divergence, which was
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Figure 1. Locations of stations.
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evident from the temperature and density structure also
(Figure 3 a and c). Probably, this divergence may be due
to a cyclonic eddy. Further, the thickness increased both
towards the east and west. Maximum thickness (60 m)
was observed around 69.5°E and then decreased gradually
towards the east till it disappeared at 75°E under the influ-
ence of upwelling. On closer look, it can be seen that sea
surface salinity (SSS) reached a minimum of < 34.6 PSU
and appeared as intermittent pockets at a few places with
varying dimensions. It is interesting to note that in the
region of the warmest waters (31.2°C at 9°N, 73.5°E),
thickness of the low salinity (35.2 PSU) layer approached
a minimum and the SSS was also minimum (< 34.6 PSU).
Similarly, when the thickness of the low salinity layer
increased westwards, the SST decreased correspondingly.
This observation shows that there is an inverse relation
between thickness of the low salinity layer and SST along
the 9°N track. However, such a relation was not observed
along the 10.5°N track, which may be due to the fact that
monsoon conditions had already set in this track. More-
over, the thickness of the low salinity (< 35.2 PSU) layer
reduced considerably and was restricted within the 25 m
water column as intermittent pockets. Corresponding to the
low (34.6 PSU) SSS pockets, low density (< 21.5 sigma-r)
waters appeared in the respective regions along both tran-
sects (Figure 3 ¢). The sigma-r property'’ of these low
salinity pockets suggests that they originate from the Bay
of Bengal, as reported in earlier studies .

In addition, presence of the Arabian Sea high salinity
water mass (> 35.8 PSU, between 23 and 24 sigma-¢ sur-
face; shaded by red colour in Figure 3 b) was observed as
a subsurface salinity maximum all along 10.5°N and
from 67 to 68°E and 72 to 75.5°E along 9°N. This sub-
surface salinity maximum exhibited upward displacement
towards the eastern side due to upwelling.

Now, the question arises, which was the mini warm
pool and what were its characteristics during this obser-
vational programme. In order to address these questions,
the temperature section of both transects was compared.
It is clear that during the pre-monsoon conditions, tem-
peratures in excess of 30.25°C were present along 9°N
and with the occurrence of the monsoon conditions, they
disappeared from both transects. Considering this fact, a
warm pool is defined in this study as the region where the
waters of temperature in excess of 30.25°C appeared. It
can be seen that the mini warm pool was present before
the monsoon conditions set in along 9.5°N between 68
and 75.5°E, which coincided with the region of low salinity
(< 35.2 PSU) layer. However, there was a disparity in the
vertical extent of both the thickness of the low salinity
layer and the warm pool. In the west (around 69°E), thick-
ness of low salinity layer was 65 m whereas that of warm
pool was only 40 m. But towards the east, the thickness of
the low salinity layer decreased faster compared to that of
the warm pool. This calls for some parameter other than
the low salinity layer to correlate with the warm pool. It is
also to be noted that the core of the warm pool appeared at
73.5°E, around which the vertical extent of the low salinity
layer was thin and the SSS was low. The prevailing upwell-
ing process near the coast limited the eastward extent of
this warm pool.

It is known that when low salinity waters appear in thin
surface layers, nonlinear combination of salinity and
temperature produces more density stratification (vertical
stability) just below the mixed layer and thereby inhibits
mechanical mixing below the stratified layer. Conse-
quently, during the situation of net heat gain to the sea, heat
accumulates in the thin layer and SST can raise anoma-
lously™'". Therefore, as an alternate parameter to correlate
with the warm pool characteristics, vertical stability (E)
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Figure 2. Distribution of wind speed (WS), cloud amount (CL), pressure (PR), sea surface temperature (SST),
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was computed'® for each 1 m depth slab from the surface to
150 m and averaged for every 5 m slab (Figure 4) for better
clarity. Highly stable layers (E > 2000 x 10°* m™', shaded by
yellow in Figure 4) occurred at 40 m depth around 69°E
along 9°N, where the thickness of the warm pool also
matched. From this location to the west and east the depth
of the stable layer decreased, which was followed by a
decrease in the thickness of the warm pool also. In addition,
highly stable layers appeared intermittently at the surface
at few places along both transects. On verification, it was
found that such stable layers were formed in the regions of
thinner low salinity layers. In these cases the salinity gra-
dient would be larger. In one such stable layer (73.5°E,
9°N), the warmest waters (31.2°C) appeared. However, this
relationship between warmer waters and stable layers
was seen only during the pre-monsoon period and there-
fore, was absent along 10.5°N where the monsoon condi-
tions prevailed. Thus the study shows that vertical stability
(stratification), which is mainly controlled by the salinity
gradient near the surface, is a better parameter to correlate
the warm pool characteristics.

Now it is understood that the low salinity Bay of Bengal
occupies the warm pool region (Figure 3 b). Its impor-
tance on the vertical stratification and the resulting forma-
tion of the mini warm pool in southeastern Arabian Sea is
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also understood (Figure 4). Therefore, the mechanism of
influx and trapping of this low salinity water mass needs to
be examined. It is known that the North Equatorial Cur-
rents carry the Bay of Bengal water mass to the warm
pool from November/December to March®. The thermo-
haline structure (Figure 3) along 9°N indicated a clock-
wise circulation with southward flow on the eastern side
(nearer the coast). The 10.5°N track also exhibited the
presence of such a clockwise gyre. However, this was
weaker compared to that of the 9°N track, as evident from
the comparative depths of isotherms and sigma-t surfaces
between the two transects. They were at lower depths
along 10.5°N due to the weaker gyre. Such a gyre can trap
the incoming low salinity waters till the gyre dissipates.
Recent studies observed the formation of a clockwise gyre
during November/December when a Rossby wave advan-
ced®® to this region and sustained up to March/April'’.
This study provided evidences for the existence of a clock-
wise gyre in May also.

The study concluded that the low salinity waters and
the resulting vertical density stratification in the upper
layers of the southeastern Arabian Sea were conducive for
the generation of the Arabian Sea mini warm pool during
the pre-monsoon period. Horizontal extent of the low sali-
nity (< 35.2 PSU) layer controlled the area of the warm pool,
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Figure 3. Depth—space sections of temperature, salinity and density along 9 and 10.5°N.
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Figure 4. Vertical stability along 9°N and 10.5°N. Blue and red patches indicate weak and strong stabil-

ity regions.

while the depth of the highly stratified (£ > 2000 x 10 m™)
layer controlled its intensity and thickness. The warmest
waters occur wherever the thinner, low salinity pockets
(stratified layers) appear near the surface. The study also
provides evidences for the existence of a clockwise gyre
during May and the possibility of recirculation of the low
salinity waters in the study region. The warm pool dissi-
pates with the onset of the southwest monsoon.
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