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Abstract

In the central and eastern Arabian Sea (EAS), biomass and production of phytoplankton are
known to vary spatially and seasonally whereas, biomass of mesozooplankton (MSP) is reported
to be constant. This apparent contradiction has been called ‘Arabian Sea Paradox’. However, it is
important to note that the paradox of MSP is based on a very limited seasonal data (from 5-7
locations). Therefore, we reconsidered the paradox of MSP based on intensive in-situ
observations at 39 - 40 locations in the EAS. In agreement with the known seasonal difference in
phytoplankton standing stock in the EAS, we analysed the MSP data in two ways using two-way
nested ANOVA. In ‘basin scale’ analysis, MSP data were analysed from the EAS were pooled and
seasonal and inshore - offshore variations were analysed for the entire region. In ‘regional scale’
analysis, MSP data were analysed separately for (a) northern region (north of 15°N) and (b)
southern regions (15°N and south of it). Satellite data of chlorophyll a, SST and wind speed were
also analysed to show the major differences in oceanographic features in the northern and
southern EAS. The analyses showed prominently high chlorophyll a (av. 1mg m™) in the northern
region during most of the year through winter convection, open ocean upwelling and lateral
advection from the Arabian coast. On the other hand, chlorophyll a was low (av. 0.2mg m?®) in the
southern region during most of the year mainly due to thermohaline stratification. The MSP
biomass was distributed almost in a similar way as that of phytoplankton stock with statistically
significant spatial and seasonal variations in the northern and southern regions. In this paper, we
review the ‘paradox of MSP’ and present clear and new evidences to show that this concept is not

logically applicable for EAS.
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1. Introduction

1.1. Anoverview of the scientific background

Mesozooplankton (MSP; 200 — 2000um) plays a significant role in marine pelagic food
web, and their ecological, trophodynamic and biogeochemical roles have been well recognised
(Buitenhuis et al., 2006). The EAS, the western boundary of the Indian subcontinent, has several
distinctive features in its plankton community compared to the rest of the Arabian Sea (Sarma,
2004). The first intensive effort that generated scientific knowledge on MSP community of the EAS
was the International Indian Ocean Expedition (IIOE; 1960 — 1965). This programme with intensive
observations in the EAS (Figure 1a) showed that MSP biomass varies seasonally and
geographically. This feature is clearly seen in the plankton Atlas prepared subsequent to IIOE
(Figure 1b & c, Panikkar, 1968), with high biomass values along the southwest coast of India
during the summer monsoon (April 16 to October 15) and along the northwest coast of India
during the winter monsoon (October 16 to April 15). The open ocean regions of EAS had
apparently low biomass during both the summer and winter monsoon periods (Panikkar, 1968; see
the review by Madhupratap and Parulekar, 1993).

(Preferred position of Figure 1)

Subsequent to IIOE, several studies have confirmed the occurrence of high MSP biomass
along the southwest coast of India during the summer monsoon period (May to September), and
attributed this to the result of phytoplankton blooms caused by coastal upwelling (Johansen et al.,
1978; Haridas et al., 1980; Raj and Ramamitram, 1981; Madhupratap et al., 1990; Ashadevi et al.,
2009 - unpublished; Jyothibabu et al., 2008). However, a few earlier studies have observed that
even in the absence of coastal upwelling, MSP biomass remains high along the southwest coast of
India during the summer monsoon, due to land and river runoff (see the review by Madhupratap
and Parulekar, 1993). Similarly, a few studies conducted in the northern Arabian Sea showed high
MSP standing stock during the winter monsoon (November — February) and spring intermonsoon
period (March — April), which was attributed to the winter blooms of phytoplankton (Haq et al.,
1973; Paulinose and Aravindakshan, 1977).

Almost three decades after the [IOE, Madhupratap et al. (1992), based on observations
along the shelf and slope regions of the southeastern Arabian Sea (SEAS), reported that MSP
biomass remains unchanged during June - July (early summer monsoon) and November (early
winter monsoon). They have observed low chlorophyll a during both monsoon periods; and opine
that the observed ‘high’ MSP biomass during low chlorophyll a periods was a ‘paradox’. Although

the actual reasons for this ‘high and unchanging’ MSP biomass in low chlorophyll a regions had
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been obscure, they suggested the following plausible reasons for the observed disparity; (a) the
high phytoplankton standing stock that would have existed a fortnight before the actual MSP
measurement, (b) the high MSP grazing pressure during the sampling period that would have lead
to low phytoplankton standing stock (top down control) and (c) the nutrition of MSP through a
bacteria based food chain (microbial loop). However, none of these assumptions have been
scientifically tested or proved so far. Moreover, a close observation of the data of this study
reveals that the so-called ‘high’ MSP biomass was mostly restricted to the inshore regions, while

the offshore regions had noticeably low values.

The Joint Global Ocean Flux Studies (JGOFS) was the most acclaimed oceanographic
programme undertaken in the Arabian Sea during the recent past (1992-1997). The international
scientific community, which participated in this programme, was mostly restricted to the central
and western Arabian Sea. The Indian JGOFS measurements in the central and EAS (Figure 2)
reported that the MSP biomass did not vary seasonally and geographically, even when a
pronounced seasonal and geographical variation existed in the phytoplankton standing stock
(Madhupratap et al., 1996a). This peculiar situation (maintenance of high MSP biomass during low
phytoplankton conditions) was termed as the ‘Arabian Sea Paradox’. However, it is quite evident
from Figure 2, that this concept proposed was based on a limited number of observations without

good seasonal coverage.

(Preferred position for Figure 2)

Subsequent to the IIOE, ‘paradox of zooplankton’ had also been referred from the western
Arabian Sea (WAS). This was based on the observations made during the IIOE that MSP biomass
remained high in the WAS during both winter and summer monsoon periods. The reason for the
high MSP biomass during the summer monsoon was explained as a response to the intensive
upwelling along the coast of Somalia and Arabia. However, the high MSP biomass observed
during the winter monsoon period had been a mystery and this was referred to as a ‘paradox’
(Baars, 1999). Nonetheless, many recent studies including a reanalysis of IIOE data have proved
beyond doubt that the high MSP biomass observed in the WAS during the winter monsoon was
the result of winter convection and subsequent winter blooms. Thus, the ‘zooplankton paradox’ in
the western Arabian Sea, which remained unexplained since the IIOE time, is now no more a
paradox (Baars, 1994; Baars and Oosterhuis, 1998; Smith and Madhupratap, 2005).

Several inherent methodological differences can be seen between IIOE and recent studies,
including Indian JGOFS, mainly with respect to the classification of seasons, selection of sampling
depths and gear for MSP. During the IIOE, seasons were classified into two, summer monsoon
(April 16 — October 15) and winter monsoon (October 16 — April 15) (Panikkar, 1968). The JGOFS

classified a year into four seasons ie, summer monsoon (June — September), fall intermonsoon
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(October), winter monsoon (November — February) and spring intermonsoon (March — May).
During IIOE, the Indian Ocean Standard Net (300 ym mesh size) was used for collecting MSP
samples from the upper 200 m water column in a single haul, whereas in JGOFS, Multiple
Plankton Net (200 um mesh size) was employed for stratified vertical sampling of MSP. Therefore,
it is rather difficult to make logical conclusions comparing the zooplankton data of IIOE and
JGOFS.

Similar to the observations by Indian JGOFS in the central and EAS (Madhupratap et al.,
1996), US JGOFS has also reported that MSP biomass remains unchanged in the central and
WAS throughout the year (Wishner et al., 1998). However, several sediment trap measurements
conducted in the WAS in recent decades (Nair et al., 1989; Haake et al., 1993; Rixen and Haake,
1993) showed marked increase in biogenic flux associated with the summer monsoon (June -
September) and winter monsoon (November to February). These results obviously point out the
prevalence of low planktonic biomass in the upper water column of the WAS during the spring
intermonsoon period (March — April). While almost entire phytoplankton production and more than
80% of the MSP production occur in the upper 200m, this is logically the layer from where
maximum flux originates (Madhupratap and Parulekar, 1993). Some recent long term studies have
also contradicted the observation of Wishner et al. (1998), by evidencing that the MSP standing
stock is markedly lower in the WAS during the spring intermonsoon period compared to the
monsoon periods (Luo et al., 2000; Koppelmann et al., 2003). These contradictions obviously

represent the uncertainty that still prevails in the seasonal pattern of MSP distribution in the WAS.
2. Materials and Methods

2.1. Study area & environment

The present study area, between latitudes 8 — 22°N and longitude 66 — 76°E, comprises
the Exclusive Economic Zone of India in the Arabian Sea. Figure 3 shows the study area and
sampling locations. This region is very important to India economically, since more than 73% of its
annual fish landing (2.2 to 2.8 mt/year) originates from here (Madhupratap et al., 2001). The
seasonally reversing monsoon winds (Figure 4a) play a major role on the plankton stock of this
region thereby imparting a considerable influence on the fishery production. Major biologically
productive natural systems in Indian waters such as mud banks, upwelling, river plumes, winter
blooms etc. are strongly linked with the monsoon systems (Banse, 1959; Banse and McClain,
1986; Madhupratap and Parulekar, 1993; Madhupratap et al., 1996, 2001).

(Preferred position for Figure 3)



The Arabian Sea is known for its thick oxygen minimum zone (OMZ; O, < 5 uM) in the
intermediate depths (150 - 1200 m), which increases northward from 10°N in the oceanic regions
(Naqvi, 1987; Naqvi et al., 2006 and references therein). OMZ is an area found in the ocean where
the circulation of water is poor and phytoplankton production in the surface waters is very high;
causing high rate of organic matter sinking (consuming great amount of oxygen) in the
intermediate water depths. The high biological productivity in the Arabian Sea is a known feature,
which is strongly linked to the monsoon winds. The northward increase of the OMZ is well
correlated with the highly productive overlying waters and is a combined effect of the high
oxidation rates and oxygen depletion in the water available for renewal (Swallow, 1984;
Madhupratap and Parulekar, 1993). Naqvi et al., (2006) showed that there are two suboxic zones
in the EAS, one in the oceanic region north of 10°N and the other in the inshore region along the
southwest coast of India. The main difference between the oceanic and coastal suboxic zones is
that the former is perennial in nature, and the latter is highly seasonal occurring only during and

shortly after the summer monsoon period (Naqvi et al., 2006).

During the summer monsoon period (May to September), intense south - westerly winds
(Figure 4a) and eastward flowing summer monsoon currents (SMC) are characteristic of the SEAS
(Figure 4b&c) (Shankar et al., 2002). As summer monsoon progresses, surface waters of the
inshore regions become nutrient enriched through coastal upwelling, land and river runoff. This
eventually causes high biological production in the inshore regions during the summer monsoon
period (Banse, 1959; Madhupratap et al., 1990; Nair et al., 1992; Bhattathiri et al., 1996).
Although, summer monsoon season has traditionally been considered to be from June to
September, recent observations clearly show that strong southwesterly winds and mature SMC
occur in the eastern Arabian Sea from May to September (Shankar et al., 2002). Strong
southwesterly winds during the period produce coastal upwelling and enhanced plankton standing
stock and production along the southwest coast of India (Maheswaran et al., 2000, Maheswaran,
2004; Madhu, 2004). However, logically, there could be a time lag between the initiation of
upwelling and its translation into biological production. Therefore, on a biological standpoint, we
consider the summer monsoon from May 15 to September 30, winter monsoon from November 1

to February 28 and spring intermonsoon from March 1 to May 14 (Jyothibabu et al., 2008a).

(Preferred position for Figure 4)

During the summer monsoon, enrichment of coastal waters through river runoff appears to
be an important factor influencing the biological production all along the west coast of India. The
Indus, Narmada and Tapti are the major rivers among a dozen that empty into the north-eastern
Arabian Sea. In the central and south west coast of India, a dense network of small rivers

originating from the Western Ghats brings in freshwater. The estuarine regions of these rivers are
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rich and diverse in plankton community and with the onset of summer monsoon rain; most of these
biological communities are flushed into the coastal waters (Achuthankutty et al., 1997; see review
by Qasim, 2003, Jyothibabu, et al., 2006, Madhu et al., 2007).

As mentioned earlier, a proposed mechanism that may enhance biological production in
the open waters of the Arabian Sea during the summer monsoon period is the upward Ekman
pumping of nutrients along the Somalian and Arabian coast and its eastward advection towards
the Indian coast (Figure 5; Prasannakumar et al., 2001). This process is reported to have
considerable impact on the open waters of western and central Arabian Sea, but at present, we do
not know about its extent of impact in the EAS. However, the pattern of chlorophyll a distribution
evident in Figures 6 shows enhanced concentrations in the central and northeastern Arabian Sea
(NEAS) during the peak and late summer monsoon period (July — September), possibly as a result
of the mechanisms suggested by Prasannakumar et al. (2001), but certainly more studies would

be required to confirm whether this process is important in the SEAS.

(Preferred position for Figure 5)

During the winter monsoon (November — February), the predominant cold north - easterly
winds cause a cool, dry season with little rainfall, which is intense in the northern Arabian Sea.
This cool dry climate combined with high ambient surface salinity (>35) drives convective mixing,
resulting in upward transport of nutrients from the top of the thermocline (Prasannakumar and
Prasad, 1996; Madhupratap et al., 1996); which eventually translates into high biological
production (Banse, 1968; Banse and McClain, 1986; Bhattathiri et al., 1996, Madhupratap et al.,
1996b). Although typical climatic winter forcing in the northern Arabian Sea is pronounced during
November — February, high concentration of entrained nutrients in the surface waters may persist
further for several weeks (March). As a result, extensive phytoplankton blooms are common in the
region till the end of March (Banse and McClain, 1986; Dwivedi et al., 2006; Prakash and Ramesh,
2007; Madhu et al., 2008). Dwivedi et al., (2006) noticed a lag of 2 to 3 weeks in the accumulation
of phytoplankton biomass in response to wind forcing in the northern Arabian Sea during the
winter monsoon. Normally, the freshwater influx is low along the west coast of India during the
winter monsoon period (Rao and Rao, 1995). However there are instances when high rainfall was
noticed along the southwest coast of India during the winter monsoon period (Madhupratap et al.,
1992).

(Preferred position for Figure 5)

The spring intermonsoon (March — May 14) is a transition period between winter and

summer monsoons. As a result of the weak winds and high solar radiation in the EAS, the mixed
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layer remains thin and more or less uniform (Prasannakumar and Prasad, 1996). In addition to
this, the low saline, oligotrophic Bay of Bengal water, which occupies the surface layer of the
SEAS intensifies stratification further during the spring intermonsoon period (Sanilkumar et al.,
2003). This strong stratification results in depleted nutrients in the upper water column, more
prominently in the SEAS (upper 60 m has near zero concentration of nitrate). This makes the
region oligotrophic, characterised by the lowest annual phytoplankton standing stock and
production (Bhattathiri et al., 1996). However, as mentioned earlier, the persistence of the impact
of climatic winter forcing during March, makes the northern part of the EAS productive during the

spring intermonsoon period.

It is well evident from the above account that the physical mechanisms that make the EAS
biologically productive (upwelling and winter convection) are different in northern and southern
regions during different seasons. The winter convection and enhanced phytoplankton production
mostly occur north of 15°N during November to March; whereas coastal upwelling occurs south of
15°N during mid - May to September (Madhupratap et al, 2001). Overall message in the literature
is that the SEAS remain oligotrophic during a major part of the year, but the NEAS has fairly high
phytoplankton stock during most part of the year (Figure 6). Taking this into consideration, we
have classified the EAS into two regions (a) northern (north of 15°N) and (b) southern (south of

15°N), for carrying out detailed analysis of plankton stock.

(Preferred position for Figure 6)
2.2 The present approach

In recent years, there has been an upsurge of scientific interest in using satellite chlorophyll
a imageries to synoptically represent the oceanographic features (Banse and McClain, 1986;
Chauhan et al.,, 2007; Smyth et al., 2001; Mizobata and Saitoh, 2004; Dwivedi et al., 2006;
Prakash and Ramesh, 2007). In the present study, we have used SeaWiFS level — 3 images of
chlorophyll a to represent primarily (a) the difference in the seasonal and geographical distribution
of phytoplankton standing stock in the entire Arabian Sea basin and (b) the general relationship in
the distribution of phytoplankton standing stock and MSP biomass in the EAS. Although level-3
images of SeaWiFS has an inherent problem of overestimating the chlorophyll a concentration in
the near shore regions due to interference from sediment flux etc, it can still be efficiently used as
a valuable tool for providing synoptic quantitative representation of the oceanic phytoplankton

stock (www.http:/disc.gsfc.nasa.gov/guides/GSFC/quide/SeaWiFS L3 Guide.gd.shtml).

In order to support our arguments on the seasonal distribution pattern of phytoplankton
standing stock and MSP biomass, we have used the monthly SST data retrieved from MODIS

(Moderate Resolution Imaging Spectroradiometer), wind speed from QuickSCAT and level — 3
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chlorophyll a data from SeaWiFS (SeaWiFS- USA) for the period from December 1999 — April
2004. These parameters were analysed separately for the northern and southern regions of the
EAS. In order to reduce the chances in overestimation of chlorophyll a due to sediment flux in the
near shore areas, in the present analysis, we omitted values from the inner shelf regions all along
the Indian coast. We have also improved the quality of the chlorophyll a data by omitting values
higher than 5 mg m™ (Prakash and Ramesh, 2007), This practice is expected to reduce the error
factor since the chances of overestimations are higher, when chlorophyll a values are high. In
order to represent the chlorophyll a distribution pattern during the corresponding periods of MSP

sampling, we have processed the ocean colour data of SeaWiFS.
2.3. MSP

Seasonal samples of MSP were collected from the EAS from 7 latitudinal transects (8, 10,
13, 15, 17, 19 and 21.5 °N) onboard FORV Sagar Sampada. Altogether, 37, 39 and 40 stations
were sampled during the winter, spring and summer monsoon periods (Figure 3). The sampling
locations were categorised into (a) inshore (depth <200m) and (b) offshore (depth >200m). One
cruise each was carried out to represent the winter monsoon (1% December 1999 to 5" January
2000) and spring intermonsoon period (15" April to 8" May 2004). During the summer monsoon
period, the rough sea conditions create practical difficulties to conduct intensive MSP sampling in
the Arabian Sea. In fact, this difficulty has restricted the Indian JGOFS to sampling only one
location in the open ocean, during the summer monsoon period (Figure 2). We have attempted a
cruise in June 2001 (June 6" onwards), but due to harsh weather, we could only cover stations
along 8°N transect. In 2002, we conducted a cruise from 20" May to June 6" (starting from 22.5°N
transect southward) to cover the rest of the locations to represent the summer monsoon period.
Thus the data collected in two successive summer monsoon cruises (in 2001 and 2002) were
used to represent the entire EAS. The difficulty in stratified MSP sampling in the Arabian Sea
during summer monsoon has been well documented during several international oceanographic

programmes (Please see http://www.usglobec.org/reports/www.as/as.zooecology.html#as.zp.5).

MSP samples were collected using a Multiple Plankton Net (Hydro - Bios, Germany). The
Multiple Plankton Net was operated vertically to collect stratified samples up to a depth of 1000m.
However, the data of the upper two layers (mixed layer and thermocline layer) were only
considered for the present analysis, since it is well established that more than 90% of the MSP
biomass in the Arabian Sea occurs with in the mixed and thermocline layers (Madhupratap et al.,
1996a; Padmavati et al., 1998; Smith and Madhupratap, 2005). MSP samples collected during the
daytime alone were considered for the present study so as to minimize the possible error in
estimations due to upward migration of MSP with respect to the diminishing solar radiation.
Immediately after the retrieval of the net, the MSP samples were filtered through a 200 um nylon

sieve and excess water in the samples was removed using blotting paper. The biomass of the
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samples was measured following displacement volume method (Postel et al., 2000) and converted
to dry weight using available numerical factors (1ml displacement volume = 0.075g dry weight;
Madhupratap and Haridas,1986, 1990; Gauns et al., 2005).

The MSP biomass data from the mixed and thermocline layers were plotted in SURFER 8
(Golden Software, USA.) The MSP data were also pooled to analyse variations in (a) the entire
EAS (basin scale) and (b) the northeastern and southeastern regions (regional scale). The basin
scale approach was similar to the method followed by Madhupratap et al. (1996a) where data from
the entire EAS during different seasons were pooled and compared. The inshore and offshore
MSP data were pooled and compared within a season and between seasons to see whether there
is any prominent inshore - offshore variability. In regional scale approach, the EAS was considered
into two distinct regions (a) northern region (north of 15°N) and (b) southern region (15°N and
south of it) and the seasonal and inshore-offshore variations within northern and southern regions
were compared.

2.4. Two - way nested analysis of variance

Nested ANOVA is an important tool to analyse the significance of variance of unequal
sample sizes (Sokal and Rohlf, 1981). These designs are most useful when we have a random
effects situation. When the sample sizes in a nested ANOVA are unequal, the P-values
corresponding to the F-statistics may not be the exact estimates of the actual probability. However,
we may get a better estimate of the exact P-value by using modified mean squares at each level,
found using a correction formula called the Satterthwaites approximation. In situations when the
Satterthwaite approximation test (Gaylor and Hopper, 1969) cannot be applied, in such cases the
P-values would be the result of a conservative approximation test. One important aspect of the two
— way nested ANOVA is that it takes into consideration the two way classification of the whole

data.

The equation of two way nested ANOVA

Yik = A+ Bj + Ei

Where Yjis the k™ observation in the j" subgroup of the i main group.

A is the random contribution for the i"" group of level A

B; is the random contribution for the | subgroup (level B) of the i"" main group

Ejx is the error term of the k™ item in the j"" subgroup of the i group.

The results of a two way nested ANOVA can be represented as;
F'G (1, o) = Calculated F statistic value for main groups, # and ¢, are first and second degree of
freedom.



In the present study, either sampling layers (mixed and thermocline) or geographical regions
(inshore offshore or north — south) are taken as groups.

F SG (¢, 2) = Calculated F statistic between subgroups. In the present study, seasons are taken as

subgroups in all treatments.

3. Results and discussion
3.1. Pattern of chlorophyll a with respect to SST and wind speed

The general pattern of chlorophyll a distribution in the EAS is shown in Figure 6, which is in
support of the already known seasonal pattern acquired by ship measurements (Bhattathiri et al.,
1996; Madhupratap et al., 2001, Prasannakumar et al., 2001; Madhu, 2004; Dwivedi et al., 2006;
Jyothibabu et al., 2008a). Enhancement of chlorophyll a in the inshore regions of southern region
during the peak and late summer monsoon period; and in the entire northern region during the
winter monsoon period was evident in Figure 6. Apart from this, continued occurrence of high
chlorophyll stock in the northern region during the early spring intermonsoon (Dwivedi et al., 2006)
and in the central and northern parts of the EAS during the peak summer monsoon
(Prasannakumar et al., 2001; Madhupratap et al., 2001) are the other two striking features in
Figure 8. The high phytoplankton biomass in open waters of Arabian Sea, south of Findlater jet, is
reported to be due to the eastward advection of upwelled nutrients from the Arabian coast (Figure
5 - Prasannakumar et al., 2001). In the SeaWiFS images this feature is very prominent during the
peak/late summer monsoon period (July — September). It is also significant to see that even during
the peak summer monsoon period, the magnitude of chlorophyll a in the oceanic waters between 8
- 12°N transect is markedly low. Over all, when we look at the phytoplankton stock in the northern
and southern regions of the EAS on an annual scale, it is obvious that the former region has high
phytoplankton standing stock during 9 out of 12 months and the latter remains oligotrophic during

7 out of 12 months.

(Preferred position for Figure 7)

Monthly difference in the amount of chlorophyll a in the northern and southern regions of
the EAS from December 1999 to April 2004 is presented in Figure 7. This strongly supports our
argument that on an annual scale phytoplankton stock in the SEAS is much lower compared to the
NEAS. The only exception to this is the summer monsoon period when chlorophyll a concentration
remains relatively high in the SEAS. However, it is important to note here that, there is a
possibility of underestimating the coastal upwelling production of the SEAS in the present analysis,
since we have omitted chlorophyll a values from the inner shelf regions. However, when
considering the vastness of the study area, the error that might have occurred on the mean

chlorophyll a value seems to be minor.
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The maintenance of high chlorophyll a concentration in the NEAS during the period from
November to March is well evident in Figure 7, which truly corresponds to the atmospheric cooling
and the subsequent winter blooms during these periods (Banse and McClain, 1986). The well-
known atmospheric cooling in the NEAS during November to March period (with ~5°C mean drop
compared to the summer) is obvious in the monthly SST presented in Figure 8. It is also evident in
this figure that the magnitude of surface cooling in the SEAS during November to March is minor
(~1.5 °C mean drop compared to summer), pointing towards the lack of winter convection and
subsequent enhancement of phytoplankton stock (Figure 7 & 8). Fairly high phytoplankton
biomass was also seen in the NEAS during the peak/late summer monsoon period (Figures 7). As
mentioned earlier, this high value might have been mainly contributed by the mechanism of open

ocean upwelling and lateral advection as suggested by Prasannakumar et al. (2001).

(Preferred position for Figure 8)

QuickSCAT wind data presented in Figures 9 clearly shows increased velocity during the
summer monsoon (8 + 2 m S”) compared to winter monsoon (5 #+ 2 m S™) and spring
intermonsoon periods (4 + 2 m S™). Although there are differences of opinion on the mechanism
responsible for the initiation of upwelling along the southwest coast of India, the pivotal role of
strong south westerly winds has been well established (Shetye et al., 1985; Muraleedharan and
Prasannakumar, 1996; Smitha et al.,, 2007). Now, it is fairly understood that the strong
southwesterly winds, during the summer monsoon period deepens the mixed layer in the offshore
region and results in coastal upwelling along the shelf regions of the SEAS (Jyothibabu et al.,
2008a and references therein). It is important to note that the mean phytoplankton stock in the

SEAS remains relatively high only during the summer monsoon period (Figures 7).

The winds are weaker in the SEAS during the winter (av. 5 + 2 m S™) and spring
intermonsoon (av. 4+ 1 m S™) periods compared to the summer monsoon (av. 8+ 2 m S™- Figures
9). This weak wind seems to be inefficient to erode the surface layer stratification in the SEAS
during the winter and spring intermonsoon periods; caused by the warm (>28°C) and low saline
(<34psu) Bay of Bengal water. Similar to the SEAS, winds were also weak in the NEAS during the
winter monsoon (av. 5.5 + 2 m S™) but cooler than the former region. The surface salinity in the
NEAS is 2-3  higher than that of the SEAS (Prasannakumar and Prasad, 1996). Thus, the
combined effect of the high salinity, cool and dry winds cause convective mixing and entrainment

of nutrients, which ultimately trigger winter booms from November to March.

(Preferred position for Figure 9)
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The inshore region of the NEAS is also reported to have high phytoplankton standing
stock during the summer monsoon period, but the actual mechanisms responsible for this is poorly
known even though river and land runoff are suggested as possible reasons (Madhupratap and
Parulekar, 1993; Madhupratap et al., 2001). The SeaWiFS images presented in Figure 6 also
show high chlorophyll concentration in the inshore regions of the NEAS during the summer
monsoon period. However, there is a strong possibility of overestimation of chlorophyll a in these
regions since a considerable amount of sediment flux originating from Indus, Narmada and Tapti
Rivers get dispersed in this region during the summer monsoon period, (Rao and Rao, 1995). Also
the strong tidal currents prevailing in the Gulf of Khambat (maximum tidal range 11 m) and Gulf of
Kachchh (7 m) can cause re-suspension of sediments in the respective regions (Ramaswamy et

al., 2007), leading to overestimation in the SeaWiFS level - 3 images.

SeaWiFS chlorophyll a images corresponding to MSP sampling periods are shown in
Figure 10. Although chlorophyll a concentration of a major portion of the study area is not
represented in the images during June 2001, and May- June 2002 due to cloud cover, the
seasonal trend in distribution was similar to that discussed with respect to Figures 6 & 7. However,
the enhancement of chlorophyll a in the open ocean region through lateral advection as suggested
by Prasannakumar et al. (2001), was not very prominent during May — June 2002. Further, the
area south of 12°N was not at all influenced by the laterally advected nutrients from the WAS.
This could be due to two reasons: (a) the waning of the laterally advected nutrients from the
western Arabian Sea before reaching the EAS and (b) the present sampling was during the early
southwest monsoon and therefore the impact of laterally advected nutrients were not prominent.
On the other hand, during the winter and spring intermonsoon periods, elevated concentrations of
chlorophyll a were present in the northern Arabian Sea due to winter convection and its
persistence during the spring intermonsoon (Madhupratap et al., 1996; Dwivedi et al., 2006). It is
well evident in Figure 6&7 that the SEAS remain less productive, during the winter and spring
intermonsoon due to the persistence of low saline Bay of Bengal water (Jyothibabu et al., 2008a).
The results of recent ship based chlorophyll a measurements (Table 1) support our argument that

phytoplankton stock in the EAS show strong seasonal pattern.

(Preferred position for Figure 10)

3.2. MSP
3.2.1 General distribution in relation to chlorophyll a

The seasonal and geographical distribution of MSP biomass in the mixed and thermocline

layer is shown in Figure 11. Before proceeding further, it is important to analyse here, the
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postulated ambiguity in relating the phytoplankton and zooplankton biomass. Several studies
showed that the nutrient enrichment, phytoplankton and MSP biomass accumulations are not
directly coupled even though a linear relationship is proposed theoretically (Madhupratap and
Parulekar, 1993 and references therein). This disparity is primarily assigned to (a) the time lag in
conversion of phytoplankton biomass to the MSP biomass (b) the differential grazing activity of
higher organisms such as fishes on phytoplankton and MSP and (c) the interaction of alternate
nutritional pathways such as microbial loop or detritivorous food web (Sladeck, 1958; Madhupratap
and Parulekar, 1993). However, in some instances the postulated time lag between nutrient
enrichment, development of phytoplankton, succession of herbivores and carnivores were not
observed (Madhupratap and Haridas, 1986). Due to these complexities in directly relating the MSP
biomass with phytoplankton standing stock, in the following section, we analysed the general
variation in magnitude of MSP biomass in the northern and southern regions of the EAS, with the

observed seasonal trend in the phytoplankton standing stock.
3.2.1.1. Summer monsoon

The most prominent feature observed (Figures 11 a & b), was the markedly high MSP
biomass in the mixed and thermocline layers along the southwest coast of India. An increase in
biomass, however was generally noticeable along the west coast of India, extending up to 17°N,
with exceptionally high values between 8 and 10°N (Figures 11 a & b). Nonetheless, the expected
high MSP biomass in the offshore region of the central and NEAS, due to open ocean upwelling
was not discernible in the present data. Similarly, a high MSP biomass in the inshore waters of the

northern region due to land and river runoff was also not reflected in the present data.

One possible reason for not reflecting the expected enhancement in MSP biomass in the
central and NEAS could be due to the timing of the present sampling which was during the onset
of summer monsoon (May 20" to June 6™). Although monsoon winds and coastal upwelling are
active from May, the prominent phytoplankton accumulation in the offshore region of the central
and NEAS occurs during the peak/late summer monsoon period (July — September). Therefore a
corresponding MSP biomass accumulation in these regions can only be expected during peak/late
summer monsoon period. Contrary to this, the data collected during the peak summer monsoon
(August - September 2004) from the SEAS (Ashadevi et al., 2009) also showed a trend similar to
that of the present study, with exceptionally high MSP biomass in the inshore regions and
markedly low concentrations in the offshore region. These observations point to the fact that the
influence of the laterally advected nutrients from the Somalian upwelling was probably not very
effective in enhancing the MSP standing stock in the offshore waters of the SEAS.

The enhancement of MSP biomass in the upwelling areas along the Indian coast has been

well documented. The possible reasons suggested for this biological feature are:
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(a) The phytoplankton community inhabiting in the inshore regions are efficient in utilizing
the newly available nutrients. Due to the high supply of nutrients and optimum solar radiation in the
coastal upwelling regions, the growth rate of phytoplankton would be high, which may support high
MSP biomass. This possibility seems to be relevant, since some earlier studies have shown that
MSP grazing and vertical biomass accumulations are positively related to the phytoplankton
growth rate (Kiorbe, 1989; Herman, 1983). Dilution experiments by Landry et al. (1998) in the
WAS also supported the above contention, in that phytoplankton community growth rate (division
rate 0.9 to 2.2 d™") in the coastal upwelling areas was much higher compared to the oligotrophic
offshore regions (division rate <0.5 d'). Similarly, the phytoplankton growth rate in the inshore
regions during upwelling (division rate 0.9 to 2.2 d”') was evidently higher than that of the winter
monsoon period (division rate 0.3 to 1.3 d™'). Unfortunately, such measurements are lacking from
the Indian coastal waters. Alternatively, instead of considering the high growth rate of the entire
phytoplankton community in the upwelling regions, Banse et al, (1996) have suggested that it may
be the high growth rate of large diatom that would maintain high MSP biomass. This is particularly
significant, because most of the MSP groups feed on microplankton, as nano and picoplankton are
small size for them to consume. It has been suggested by Poulet and Marsot (1978) that
herbivorous copepods perceive diatom cells by chemosensory means, and elevated phytoplankton
growth rate results in a larger phagostimulating effect around individual algal cells, that enhances

copepod-grazing rate (Cowles et al., 1988).

(b) The availability of abundant organic detritus and microzooplankton (also related to river
runoff) as direct food source for MSP is another factor that may positively influence the MSP
biomass along the southwest coast of India (See review by the role of organic detritus by Pechen-
Finenko, 1987 and references therein). Several species of copepods inhabiting in the coastal
areas actively consume organic detritus as a supplementary nutritional source. Similarly, a model
by Parson and Kessler (1986) shows that the initial presence of microzooplankton in fresh water
plumes might increase secondary production by several orders of magnitude. The abundance of
microzooplankton in Cochin backwaters is phenomenal (>10000 ind.litre™) during pre-summer
monsoon (March — April) period, and this high standing stock is more or less completely flushed
into the coastal regions during the onset of monsoon rains (Jyothibabu et al., 2006). The same
could also be true in other estuaries along the southwest coast of India during the southwest
monsoon season. There are also evidences to suggest that microzooplankton is more preferred by
several MSP species in the estuarine and coastal waters due to its high nutritional content
(Stoecker and Egloff, 1987; Stoecker and Capuzzo, 1990).

3.2.1.2. Winter monsoon
The geographical difference in distribution of MSP biomass was also evident during the

winter monsoon period (Figures 11 ¢ & d). More or less similar pattern was found in both mixed
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and thermocline layers with high biomass in major part of the NEAS. Relatively, low biomass was
found in the southern region, with a few pockets of high biomass in the inshore waters. These high
biomass pockets have resulted due to the patchiness of MSP, which is common in the Arabian
Sea (Mathew et al., 1990; Kidwai and Amjad, 2000). The enhancement in MSP biomass in the
northern region during the winter monsoon was obviously an outcome of high phytoplankton
standing stock through convective mixing. A close observation of the MSP distribution in the
northern region indicates high concentration in the Gulf of Kambat and neighbouring waters. This
could primarily be the result of exceptionally high phytoplankton stock in this region during winter
monsoon period as is evident in the processed IRS P4 images (Dwivedi et al., 2004; Chauhan et
al., 2007).

In the southern region, persistence of high MSP biomass was observed in the inshore
regions compared to the offshore region (Figure 11 ¢ & d); a feature noticed since the IIOE
measurements (Panikkar, 1968; Madhupratap et al., 1992). A possible reason for this high MSP
biomass along the coastal regions of the SEAS could be the freshwater influx. Although the major
part of the annual rain along the southwest coast of India occurs during the summer monsoon
period, a moderate amount of rainfall (~30%) also occurs during the winter monsoon period
(Madhupratap et al., 1992; Qasim, 2003). Three estuarine systems viz. Ashtamudi (8° 53'N - 09°
02’N), Cochin backwaters (9° 30'N - 10° 10°’N) and Netravati - Gurupur (12°48'N — 12° 53'N);
empty into the inshore regions of the SEAS, probably contributing to the increase in MSP biomass
during the winter monsoon period also. Another possible reason for the high MSP biomass could
be the Bay of Bengal water, which occupies the SEAS during the winter monsoon period. The
coastal waters of southwestern Bay of Bengal is fairly productive during the winter monsoon due to
heavy rain fall over the catchment areas of the major eastward flowing Indian rivers such as
Krishna, Kaveri and Godavari. As a result, the MSP standing stock in the inshore regions of the
southwestern Bay of Bengal shoots up during the winter monsoon and remains highest of all the
seasons (Jyothibabu et al., 2008 b).

Preferred position of Figure 11

Prasannakumar et al., (2004) has reported the intrusion of Bay of Bengal water into the
EAS during the winter monsoon and enhancement of chlorophyll a in the inshore waters. However,
transport of MSP community from the western Bay of Bengal to the inshore regions of SEAS along
with winter monsoon current has not yet been addressed. A recent study off Kalpakkam (in the
southernmost part of the Indian east coast) has reported major changes in the phytoplankton and
MSP communities with respect to the change in the direction of coastal currents (Saravanane et
al., 2000). This is the first direct evidence for the possible seasonal transport of MSP community

between southeastern Arabian Sea and southwestern Bay of Bengal. The importance of coastal
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currents in transporting copepods between geographically distant regions has been fairly known
from elsewhere (see Hwang and Wong, 2005 and references therein).

It is important to note that the magnitude of MSP biomass in the NEAS during winter is
relatively less, compared to the summer monsoon production along the southwest coast of India.
This feature has been brought out earlier in the MSP atlas of [IOE (Panikkar 1968) This is quite
intriguing since most of the in-situ and satellite chlorophyll a measurements (including the present
study) show exceptionally high values in the northern region during winter monsoon period (Banse
and McClain, 1986; Chauhan et al., 2007; Balachandran et al., 2008). Then, what could be the
possible reason for this relatively low amount of zooplankton biomass in the NEAS during the
winter period? Does the seasonal drop in SST (approximately 4-6°C) during the winter period have
any role to play in this phenomenon? In this context, it is relevant to consider the results obtained
by Jayalakshmy (1984) (based on the pooled data of the IIOE), that zooplankton production is
significantly (positively) related to temperature. Similarly, a seasonal study conducted in the Gulf of
Kachchhh area showed that the MSP biomass and abundance during December were markedly
lesser compared to the collections during February and August (Paulinose et al., 1998). These
observations point to a regulatory effect of temperature on zooplankton standing stock in the
NEAS. If this could be true, then what would be the fate of the high winter phytoplankton biomass
in the north? It is coincidental to notice the occurrence of large number of diatoms floating in the
sediment traps, deployed in the winter bloom areas of the Arabian Sea (Sawant and Madhupratap,
1996). This underlines the fact that zooplankton grazing may not be effectively controlling the
winter blooms (Sawant and Madhupratap., 1996). This high under grazed winter phytoplankton
standing stock could be significantly contributing to the highest carbon fluxes in the northern
Arabian Sea (Sarma et al., 2007). However, more work would be needed to understand the extent

of temperature regulation on MSP biomass in the northern Arabian Sea.

An analysis of major compositional change in MSP community showed less variation
between the northern and southern regions of the EAS during monsoon periods (Madhupratap et
al., 1996a; Padmavati et al., 1998). While swarms of salps and ostracods are common in north of
20°N during the late winter /early spring period (Paulinose and Aravindakshan, 1977; Ramaswamy
et al., 2005), it has only minor impact on secondary production in the southern parts of the NEAS.
In general, copepods form the bulk of the zooplankton community in the northern and southern
regions followed by chaetognaths (Madhupratap et al., 1996a). In the northern region, species
belonging to the major copepod families follow their relative order of abundance; Paracalanidae
(47%) > Clausocalanidae (20%) > Euchaetidae (11%) > Eucalanidae (10%) during the winter
monsoon (Padmavati et al., 1998). In the southeastern Arabian Sea, copepod families follow their
order of abundance: Paracalanidae (52%) > Eucalanidae (23.5%) > Acartiidae (10.5%) >

Calanidae (10%) during the summer monsoon (Madhupratap et al., 1992; Madhupratap et al.,
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1996a). Although the major copepod families occurring in both regions seems to be more or less
same, it is assumed that more than one fold increase in Eucalanid species along the southwest
coast of India during the summer monsoon period, may be important in maintaining the high MSP
biomass. This assumption is based on the fact that the species of the Family have the highest

body size compared to other common pelagic species of copepods in the EAS.
3.2.1.3. Spring Intermonsoon

During the spring intermonsoon, similar to the winter monsoon, northern regions had high
biomass compared to the south (Figure 11 e & f) possibly as a continuance of high phytoplankton
stock of the winter convection. The high MSP biomass prevailing in the NEAS during the spring
intermonsoon period has been recorded in a few earlier studies including the IIOE (Rao, 1973).
Although climatic winter forcing is pronounced during November — February, high concentration of
entrained nutrients in the surface waters may persist for a few more months in the northern
Arabian Sea, leading to extensive phytoplankton stock in the northern region until the end of
March (Banse and McClain, 1986; Dwivedi et al., 2006; Madhu et al., 2008). This could be
instrumental in sustaining high MSP biomass throughout the spring intermonsoon period.

Another possible reason for the high MSP biomass in the northern region during the spring
intermonsoon period could be the prevalence of an active microbial loop, based on dissolved
inorganic carbon originating from the high winter production. Due to weakening of poleward
flowing West India Coastal Current during March — April period, the high saline northern Arabian
Sea waters, which is known to be rich in DOC (Madhupratap et al., 1996a), occupies the NEAS.
However, there are not sufficient data available on the seasonal distribution of DOC in the eastern

Arabian Sea to suggest this possibility.
3.2.2 Geographical and seasonal variation
3.2.2.1 Basin scale

The comparison of basin scale averages and its statistical significance are shown in Figure
12. Comparison between MSP biomass in the mixed layer and thermocline showed significant
variation during different seasons (Figure 12 a). The marked difference in MSP biomass between
mixed and thermocline layers are general features in the Arabian Sea (Madhupratap et al., 1996a;
Padmavati et al., 1998; Smith and Madhupratap, 2004; Gauns et al., 2005). This is primarily due to
the fact that the mixed layer represents the surface ocean layer, which is illuminated optimally and
therefore a major part of the total ocean primary productivity takes place in this layer. Most of the
environmental forcing and the associated changes have direct impact on the chemistry of this

layer that directly gets translated into phytoplankton biomass.
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The most important feature in Figure 12a is the statistically insignificant variability in MSP
standing stock in the mixed layer and thermocline layer during different seasons (p>0.05).
Similarly, the seasonal difference in the mixed layer of the inshore and offshore regions was also
statistically insignificant (Figure 12b). This corroborates with the earlier observation by
Madhupratap et al. (1996a) that MSP biomass does not vary seasonally in the EAS. However, it is
important to note that the above results were based on comparisons of data for the entire EAS,
without considering the well-marked north-south difference in phytoplankton standing stock during
different seasons. However, the spatial (inshore-offshore) variability in the mixed and thermocline
layers was statistically significant during different seasons (Figure 12b&c), which represent the low
MSP biomass in the offshore regions in most cases.

(Preferred position for Figure 12)
3.2.2.2 Regional scale

The results of seasonal and geographical variation of MSP biomass in the northern and
southern regions of the EAS are shown in Figure 13. There was significant seasonal variability in
MSP biomass in the mixed and thermocline layer of the northern and southern regions (Figure 13a
& b). Significant seasonal variability in MSP biomass was also found between the northern and
southern regions in the mixed and thermocline layers (Figure 13a & b). This was primarily due to
the prominent difference in the phytoplankton biomass occurring in the northern and southern
regions during different seasons. This also indicates the difference in the amount of primary
carbon available in the northern and southern regions during different seasons in relation to the

changes in the climatic and oceanographic features of these regions, as explained earlier.

In the mixed layer of the northern and southern regions, the seasonal variations of MSP
biomass were prominent in the inshore and offshore regions (Figures 13 ¢ & d). This basically
represented the marked enhancement in MSP biomass in the inshore regions of the north, during
the winter/spring intermonsoon periods and in the inshore regions of the south during the summer
monsoon period. However, inshore-offshore variation in MSP biomass was statistically
insignificant (p>0.05) in the north whereas it was statistically significant (p<0.05) in the south
(Figures 13c & d). The former was due to the more dispersion of the high MSP biomass during the
winter and spring intermonsoon, resulting in marginal difference in biomass between the inshore
and offshore regions during these seasons. On the other hand, MSP biomass accumulation in the
south was highly restricted to the inshore region during the summer monsoon period and the

offshore region had low biomass during all seasons (Figure 13 d).

In the thermocline layer of the north, seasonal inshore- offshore variability was significant
(p<0.05), whereas seasonal difference within the inshore and offshore regions were insignificant

(p>0.05) (Figure 13 e). The significant inshore — offshore variation was due to the relatively high
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biomass accumulation in the inshore during summer monsoon. However, due to more or less
comparable biomass in the inshore locations during winter/ spring intermonsoon periods and in the
offshore region during summer/winter periods, the seasonal variability was found to be statistically
insignificant. In contrast to this, in the thermocline layer of the south, MSP biomass distribution
showed significant seasonal (p<0.05) and inshore — offshore variations (p<0.1), even though at a
lower level of significance in the latter case. This was basically due to the markedly low MSP
biomass during the spring intermonsoon period (Figure 13 f). The figure 13e-f also shows that,
although the magnitude of MSP biomass in the offshore regions of the SEAS is low throughout the
year, there is still significant variation during different seasons.

(Preferred position for Figure 13)

The overall pattern of phytoplankton stock in the NEAS shows a prominent increase during
peak and late summer monsoon (July- September). If, this high phytoplankton stock subsequently
supports a corresponding amount of zooplankton, then there would be a possibility of high MSP
biomass in the NEAS during most part of the year, since winter convection also causes high MSP
biomass from November to April. However, there is no such possibility of consistently high MSP
biomass in the case of SEAS, since, high productivity regimes are localised along the shelf and
some parts of the oceanic region during the summer monsoon. Importantly, the plankton
productivity pattern presented in this paper follows the distribution of oxygen deficient waters in the
EAS, which increases in the northern region and in the shelf waters along the southwest coast of
India. The present study also corroborates the recent observation of Sarma (2004), that the
plankton production in the EAS is ‘net heterotrophic’ on an annual scale, and identifies the
important role of southeastern Arabian Sea in causing the net heterotrophy in the region.

The contribution of IIOE to the knowledge of zooplankton distribution pattern in the western
Arabian Sea has been well recognised (Baars, 1999). The present study confirms that even with
all methodological inadequacies, the seasonal and geographical picture of MSP biomass
distribution in the EAS provided by IIOE still holds good, probably due to the high sampling
resolution. This study points to the need for intensive observations in any marine systems in order
to decipher the highly variable plankton distribution pattern.

4. Conclusions

This paper re-evaluates the ‘paradox of MSP’ in the EAS based on intensive observations
from 37 to 40 locations. MSP samples collected from mixed and thermocline layers (both together
form ~90% of the total MSP biomass) during different seasons were used for the analysis. We
have classified the EAS into (a) northern (north of 15°N) and southern (15°N and south of it)

regions. This demarcation was in accordance with the known seasonal shift in monsoon
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characteristics. The chlorophyll a data and images retrieved from SeaWiFS have shown
prominently high concentration (av. 1 mg m™) in the northern region for 8 months annually, through
winter convection, open ocean upwelling and advection of nutrients from the Arabian coast. On the
other hand, the low chlorophyll a content (av. 0.2 mg m™) in the southern region for 7 months
annually is largely caused by the thermohaline stratification during the winter and spring
intermonsoon periods. The general distribution pattern of MSP biomass was found to be relatively
high in the northern region during the winter and spring intermonsoon periods and along the
southwest coast of India during the summer monsoon. Analyses of MSP biomass data using Two-
way nested ANOVA clearly showed that the ‘lack of seasonal and geographical variability of MSP
biomass’ in the eastern Arabian Sea; proposed by Madhupratap et al., (1996), is the result of poor
sampling resolution and comparing the seasonal averages of the entire EAS. They overlooked the
well marked seasonal difference in plankton biomass and production in the NEAS and SEAS. The
scientific evidences presented in this paper clearly show that the concept of ‘paradox of MSP’ is

not logically applicable for EAS.
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Figure captions

Figure 1 - (a) IIOE station locations in the eastern Arabian Sea, mesozooplankton biomass
distribution during (b) summer monsoon and (c) winter monsoon: L — low; H- high (adapted from
Panikkar, 1968).

Figure 2 - Locations of zooplankton sampling during JGOFS India (redrawn from Madhupratap et
al., 1996a).

Figure 3 - Mesozooplankton sampling locations. The line around 16°N demarcate the geographical

area considered for the region scale analysis.

Figure 4 - (a) The pattern of wind direction during the monsoon periods (b) schematic picture of
the coastal circulation in the Arabian Sea and Bay of Bengal during monsoon periods based on
Shankar et al., 2002. WICC —West India Coastal Current, LL — Lakshadweep Low, LH -
Lakshadweep high, SMC — Summer Monsoon Current, EICC — East India Coastal Current, WMC
— Winter Monsoon Current (c) typical seasonal trend in the circulation pattern as evident in the

monthly mean salinity distribution in Levitus climatology.

Figure 5 - Schematic representation of the flow regimes and the physical forcing that fertilizes the
central Arabian Sea during the summer monsoon. Open arrows show the lateral advection from
the Somalia and Arabia upwelling system, which transports nutrient-rich waters to the central
Arabian Sea. Thin dark arrows show the prevailing flow in summer. Long open arrow with bold
face is the atmospheric Findlater Jet, which extends from the tip of Somalia to Gujarat, India. The
positive (negative) wind-stress curl north (south) of this jet drives the cyclonic (anticyclonic)
circulation in the sea, which is indicated by the anticlockwise (clockwise) arrow; the dark, short
arrows out of (into) it show the associated divergence (convergence).The right-hand side of the
box shows the climatological mean thermal structure for August along 64°E based on Levitus’16
data, which shows the northward shoaling of isotherms (Redrawn from Prasannakumar et al.,
2001).

Figure 6 - SeaWiFS monthly mean images showing the seasonal difference in chlorophyll a in the

north and south regions of the eastern Arabian Sea.
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Figure 7 - Monthly mean chlorophyll a during the entire time span of the cruises (trend line shows

the mean).

Figure 8 - Monthly mean SST (°C) during the entire time span of the cruises (trend line shows the

mean).
Figure 9 - Wind speed over the time span of MSP sampling period.
Figure 10 - SeaWiFs images representing the MSP sampling period.

Figure 11 - Seasonal distribution of mesozooplankton biomass (g drywt. 1000m™) during the (a&b)

summer monsoon, (c&d) winter monsoon and (e&f) spring intermonsoon seasons.

Figure 12 - Basin scale comparison of MSP biomass in the (a) mixed layer and thermocline layer
(b) inshore and offshore regions of the mixed layer and (c) inshore and offshore regions of the

thermocline layer.

Figure 13 - Regional Scale comparison of MSP biomass in the (a) mixed layer (b) thermocline
layer (c) inshore — offshore variation in the mixed layer of the north, (d) inshore — offshore variation
in the mixed layer of the south and (e) inshore — offshore variation in the thermocline of the north
(f) inshore — offshore variation in the thermocline of the south.

*conditions for Satterthwaites approximation not satisfied. Hence simple test is applied
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Location Sampling period C.Chla Source
Inshore -North July — August 1995 / SM *21 Bhattathiri et al., 1996
-do- February - March 1995 / WM 26 -do-
-do- May 1994 /SIM *12 -do-
Inshore -South July — August 1995 / SM 52 -do-
-do- February - March 1995 / WM *10 -do-
-do- April — May 1994 /SIM *11 -do-
Inshore -North December 1999 — January 2000 / SM 49 Jyothibabu et al., 2004
Offshore -North July — August / SM 46 -do
Inshore -North November —December 1999 / WM 9 Madhu, 2004
-do- June 2000 & 2001 / SM 21 -do-
Offshore -North  November —December 1999 / WM 45 -do-
-do- June 2000 & 2001 / SM 16 -do-
Inshore - south November —December 1999 / WM 21 -do-

-do- June 2000 & 2001 / SM 33 -do-
Offshore - south November —December 1999 / WM 24 -do-

-do- June 2000 & 2001 / SM 21 -do-
Offshore -North March 2003 / SIM *62 Dwivedi et al., 2006
Offshore - North March 2004 / SIM *54 -do-

Inshore - South September 2003 / SM 41 Jyothibabu et al., 2008
Inshore - South April 2004 / SIM 13 -do-
Offshore - South September 2003 / SM 28 -do-
Offshore - South April 2004 / SIM 23 -do-
Inshore - South April 2004 / SIM 15 Ashadevi et al., 2009
(unpublished)
Inshore - South July — August / SM 43 -do-
Offshore -South April 2004 / SIM 24 -do-
Offshore - South July — August / SM 18 -do-
Inshore - South June 2003 / SM 60 Revichandran, 2008
(unpublished)
Inshore - South December 2003 / WM 22 -do-
Offshore — North March 2000/ SIM 32 Madhu et al., 2008

(unpublished)

Table 1- Average column chlorophyll a (mg m™) at different regions of the eastern Arabian Sea
recorded in the recent ship measurements. The high values (in bold) corresponds to the seasonal
phytoplankton peaks in different geographical regions as discussed in this paper. * indicate sampling
at a single location. SM — summer monsoon, WM- winter monsoon and SIM- spring intermonsoon
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