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Is the Arabian Sea getting more the main photosynthetic constituent in the phytoplankton,
roductive? absorbs more in blue than in green; as the concentration
P uctive: of phytoplankton increases, the backscattered light progres-

sively shifts towards the green. This property is success-

Satya Prakash* and R. Ramesh fully used to derive the Chlconcentration with the help
Planetary and Geosciences Division, Physical Research Laboratory, of a ;atelllte. Phytoplgnkton and Suh"ght are the fundamental
Ahmedabad 380 009, India requirements for primary production in the oceans. In the

tropics, where variation in sunlight is not significant on an
Recent observations based on ocean colour show thatinterannual scale, variation in chlorophyll concentration
summer productivity in the western Arabian Sea has can indicate variation in primary production. Satellite
been increasing during the last seven years, reportedly gcean colour data provide the spatial and temporal varia-
duelto_thef V\_/aLmlng of the Edur?smn lll‘."‘nd mass. Cl)ur tions in phytoplankton biomass and hence in the primary
analysis of eight years' record of satellite ocean colour production on a larger scafeSince the launch of SeaWiFS
data over northeastern Arabian Sea suggests that chloro- o . . . :

(sea-viewing wide field of view sensor) in August 1997,

phyll concentration has not changed significantly in this . :
region, and is thrice that in the southeastern part. Al- global ocean colour data are available to the science commu-

though we see some seasonal variations in differentNity on a regular basis. _ _
parts of the Arabian Sea, a significant secular trend is ~ Gregget al.*’ were the first to report an increase in the
not discernible. The reported trend in Chla in the west- primary production of northern Indian Ocean (which in-
ern Arabian Sea is not observed in the eastern Ara- cludes both the Arabian Sea and the Bay of Bengal). This was
bian Sea. Hence, we conclude that the increasing trend confirmed by Goest al®. They used satellite data to
in the western Arabian Sea may not be entirely attri- show that summer productivity in the western Arabian Sea
butable to global warming. (47°-55°E and 5S to 10N; 52-57E and 5S to 10N) has
) ] been increasing, and proposed the cause to be the warming
Keywords: ~ Arabian Sea, chlorophyil concentration, globabfthe Eurasian land mass — the melting of the Himalayan
warming, summer productivity. snow cover in the recent past due to global warming resulted
in enhancement of the land—sea contrast in summer tempe-
THE Arabian Sea is one of the most productive regions in thgy,re, thus enhancing monsoon winds. Notably this attri-
world' and is characterized by strong seasonal oscillatiog§tion was not made by Gregg al 3. It is known from
in biological productioh In summer, the strong south-the jiterature on palacomonsdbtt that whenever the south-
west monsoon causes intense upwelling in the westefast monsoon weakened (e.g. at the last glaciall,000
Arabian. Sea, while in WinFer sur'fa'ce cooling in the nortl;)earS ago), the northeast monsoon strengthened and vice
results in enhanced vertical mixing. In both the abovgysa. If this is taken in conjunction with the result of Goes
cases the photic zone gets nutrients from below which rgr 515 one would expect a decreasing trend in the winter
sults in high productivity, i.e. phytoplankton fixes carboryroguctivity in the northeastern Indian Ocean. To verify
through photosynthedisThe Arabian Sea also has a glob his we have analysed the chlorophyll data over a period
significance; the increased production in the above twg eight years (1997-2005), obtained from SeaWiFS to
seasons leads to the formation of oxygen minimum zoR@aracterize the interannual variation in the northeastern
(at depths of 150-1000 m) where denitrification takegrapian Sea, where winter cooling in the north and up-
placé?®, in the northern part of Arabian Sea. Emission Qfelling in south are prominent, causing an increase in the
N,O as a result of denitrification, which is a potent greefyimary production. To see the variation in the chlorophyll
house gas, is a cause of concern and has significant implincentrations over the last eight years (from 1997-2005),
cation to the global warming. _ ‘we have taken monthly composites Level-3 Version 4,
During the Indian JGOFS, the Arabian Sea was studigdxm resolution mapped SeaWiFS chlorophyll images.
in detaif® — the biological and chemical properties of thgrom these images chlorophyll values wertaited using
ocean and the physical forcings responsible for the samg=ApAS software (provided by NASA for ocean colour
However, these studies were limited to a seasonal time SPRRage processing). SeaWiFS uses OC2 algorithm for de-
There is still not much detail about the interannual variabiliw\,ing Chlavalues from the recorded radiance. This algo-
in terms of biological properties. The only possible way tgihm6 overestimates Chd when it is more than 1.5 mg
monitor the variation in biological properties of the oceag| 3. Sensitivity studies on the algorithm for Ghle-
on a larger spatial scale is by remote serisirgmethod trieval from measured sensor-detected radiances show
of collecting information about the constituents of watey, 5t the retrieved Chi values have the accuracy of ~30%
using optical signals in the visible range. It is well estaluhe radiance has an error of ~28oFor this analysis, pix-
lished that the concentration of phytoplankton influences tiagg having values more than 5 mg Chfmre not consid-
colour of the ocean water. Chlorophgl(Chla), whichis  gred, but such values are rare.
The seasonality of the northeast Arabian Sea SST (sea
*For correspondence. (e-mail: satyap@prl.res.in) surface temperature) is also inspected over the same region
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for the same period in order to analyse the effect of sdlaw pressure is created and the wind starts flowing from
surface cooling due to upwelling on the @hdoncentra- the ocean towards the land. This wind carries water vapour
tion. Monthly composite SST data are taken fronalong with it and causes rainfall. During this season
AVHRR (Advanced Very High Resolution Radiometer)strong upwelling is seen along the coast of Somalia, Arabia
pathfinder version 5 (June 1997 teé@mber2004) and and southwestern coast of India. This brings ample nutri-
MODIS (Moderate Resolution Imaging Spectroradiometegnts to the surface waters and increases the productivity
data (January 2005 to June 2005). We have also analy$ed to 1700 mgC/iiday) in this region drasticaff$
version 3 QuickScat data in order to monitor changes, if any,Recently, Goest al® have argued using ocean colour
in wind speed over 7 years (1999-2005). data, that productivity in the western Arabian Sea has in-
One of the major limitations of ocean colour remotereased over the last seven years. Our analysis of eight years’
sensing is that it is sensitive to meteorological d¢borts. record of satellite ocean colour data over northeastern
The present sensors used in SeaWiFS and MODIS gi#eabian Sea (Figured&, from September 1997 to June 2005,
abnormal values when cloud cover or some other intesuggests that chlorophyll concentration has not changed
ference like land, etc. is present. We could not get enougignificantly in terms of its monthly average value but
data for June—August because of dense cloud cover in thi® seasonal peaks can be seen clearly; one during the winter
area. monsoon (February/March) and the other during summer
For the present study, we have divided the eastern Amaensoon (September). There is no monotonic increase in the
bian Sea into two zones (Figure 1): zone 1 extends from @bla concentration as reported for the southwest Arabian
to 25N and 62 to 7%, and zone 2 extends from 20 t6M0 Sea. On the other hand, the southwest Arabian Sea is not
and 62 to 7%E. This division into two different zones is clearly bimodal in chlorophyll peaks.
based on the observed physical forcing responsible forln zone 1, over the past eight years the chlorophyll
high production in each zone. Zone 1 is characterized by higbncentration has remained more or less similar during
production during winter monsoon (February—March)October to December (Figurea? In most years there is
During this period the cool dry continental air, brought bg seasonal increase from January to March. This is because
the northeast trade wind, causes intensification of evapord-the input of nutrients from the deeper levels to the surface
tion, which leads to the surface cooling. This leads to réayer due to the deepening of the mixed layer caused by
duction in SST (reduces by up ttC) and deepening of the the winter cooling and convective overturning. Also, wind
mixed layef'*” (deepens up to 100 m). Deepening of thblowing from the continent to the ocean supplies nutrients
mixed layer brings nutrients into the surface layer frorand iron dust. According to a pervious sttigWH; input
the base of the mixed layer, which increases the produatias the highest (0.68 0.31ug/m?) during the declining
vity (up to 2000 mgC/fiday) and hence the sequestratiophase of the NE monsoon (March). The increased input of
of CO, from the atmosphefg®, nutrients into the photic zone through convective mixing
Zone 2 is characterized by the summer monso@and atmospheric input causes increase in productivity in
(June—September) when upwelling along the southwesgbruary/March sometimes leading to blooms. The average
coast of Indi&’ is the dominant mechanism that trigger<Chla concentration in March over the last eight years is
high production in this aréd During summer monsoon, 1.45 mg Chl/m, the maximum being 1.96 mg Chifin
because of the surface heating on the continental pa2602 and the minimum 0.92 mg Chffim 2004. After
March, again Ch& concentration starts decreastilighe
onset of the summer monsoon. Because of dense cloud
cover, little data is available for June—August. From Septem-

25 1 ber onwards, as the cloud cover decreases it is easier to obtain
Zone 1 remotely sensed Chldata. In September the chlorophyill
INDIA concentration is fairly high (but less relative to February/

201 March) because of the input of nutrients due to upwelling
in the southwest coast and possible lateral advettion
The SST, an indicator of vertical mixing, has remained
almost the same (Figurebpover past eight years. Thus the
SST data do not show significant reduction in the winter
cooling. In this zone, during winter significant fall in SST
can be seen (32€). The decrease in SST is due to the
Arabian Sea mixing of the deeper water with the surface water which
causes increase in the productivity. The decrease in SST
60 o 70 7 8 gs  can also be seen in the period of the SW monsoon when
moderate upwelling takes place, although it is not that
prominent in this zone. During summer too the SST falls,
Figure 1. Study area. but the magnitude of decrease is less {C}2This clearly
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Figure 2. Satellite-derived CHa (a) and SSTI) over zone 1.
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Figure 3. Satellite-derived CHa (a) and SSTIf) over zone 2.
0.8 . average chlorophyll concentration in March is 0.33 mg
y=-0.10x + 3.29 Chl/m®. In this part of the Arabian Sea, the satellite-
T 06 ] R*=0.70 derived SST shows a bimodal temperature cycle with lows
= during SW (2—-3C) and NE (1-2C) monsoons (Figurel§.
g This change in temperature has a profound effect on the
E o3| mixed layer through change in water density. Increase in
; the mixed layer depth causes the transport of nutrient-rich
© cold water from the deeper levels to the surface and supply
0 \ \ of nutrients for production. This enhances theddlue in
% 7 ssTec) P ¥ this region during these months.

Goeset al® have argued, on the basis of the correlation

Figure 4. Satellite-derived CHd data and SST from May to Septem- between SST and satellite-derived chlorophyll (Figure 4;

ber from the region 52 to 8E and 5S to 10N (source: Goest al’). R2=0 70) that summer productivity has increased over
the years due to increasing sea surface wind.

We also analysed the correlation between SSTs and
suggests that winter cooling has greater control on producihla over zones 1 and 2 for the boreal winter, i.e. October

vity than upwelling in this zone. to March for the same time period and have observed that
In zone 2, chlorophyll concentration remains low comparetle slopes of the regressions are similar@-10) for all the
to zone 1 throughout the year. However, two prominent peaksee regions. Our analysis of sea surface wind data also
can be seen every year (Figur@)3one in September does not show any significant change in wind speed over
when upwelling/vertical mixing takes place and the othetorth-eastern Arabian Sea (Figura &ndb). In zone 2
in February/March, when winter cooling in the north trigwe do not find any change in the wind strength. Wind
gers high production. Chlorophyll concentration is highesipeed pattern over this region has remained similar over
during September. The average value over the last eight ygssist 7 years. Some small variations in wind speed can be
in September is 0.52 mg Chl?mthe maximum being seen in zone 1, but there is no significant secular trend.
0.69 mg Chl/m (2004) and the minimum being 0.33 mgThese small changes cannot be attributed to global warming
Chl/m® (1997). Chlorophyll concentration is also highbecause had it been due to temperature contrast between
during October to March, being the highest in March. Thige Eurasian plateau and Arabian Sea, it should have
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Figure 5. Satellite-derived wind speed over zonea) §nd zone 2k).
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Figure 6. Satellite-derived Cha data and SSTs over zoned) &nd zone 2k in winter (October to March).

affected both the zones. It is also difficult to relate thedeas a more pronounced effect on chlorophyll concentration
changes to decadal-scale oscillatory events using thesed hence on the productivity in the eastern Arabian Sea
datasets. compared to the summer monsoon. Although we see some

Satellite-derived chlorophyll and SST data do not shogeasonal variations in different parts of the Arabian Sea,
significant correlation in winter in zone 1 (Figure;6% = there is no significant secular trend. Our analysis also
0.18), but a significant correlation in zone 2 (Figut® 6 shows that the trend reported by Geesl® in the western
R? = 0.44). Arabian Sea is not observed in the eastern Arabian Sea.

This suggests that both upwelling (SW monsoon) aridcrease in chlorophyll reported by the Gassal?® is
convective mixing (NE monsoon) are responsible for seprobably restricted to the west. Also, their proposal that
sonal high productivity in this zone. Transportation of ththe intensification of the southwest monsoon due to global
deeper, colder, nutrient-rich water to the surface triggergarming has caused the increase in the productivity appears
high production in the western as well as in northerantenable, as we fail to observe any corresponding decreasing
Arabian Sea. The average chlorophyll concentration imend in the productivity of the northeastern Arabian Sea.
zone 1 is thrice the average concentration in zone 2, suggésty change in the monsoonal pattern because of land-sea
ing greater control of winter cooling for observed highemperature contrast should affect the northeastern Arabian
production in this area. Although winter cooling has great&ea more because of its close proximity to the Himalaya
control on the production in the northeast Arabian Sea, itéempared to the southwestern Arabian Sea, which is not
not the only factor. borne out in our analysis.

In summary, the interannual, remotely sensed monthly
composite chlorophyll data suggest high chlorophyll con=
centrations in the eastern Arabian Sea. Chlorophyll con? )
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