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Abstract

huge effect over the planktonic environment.“ Wind pump” induces vertical mixing in the BoB region,which affects

The Bay of Bengal (BoB) is a high energy active region,dynamics of BoB varies during short term with

the sea surface temperature (SST) and chlorophyll-a (chl-a).This study demonstrates the temporal/seasonal varia-
tion of chl-a concentration and its relationship to SST and wind speed.Monthly averaged Aqua-MODIS chl-a data for
a period of 10 years (2006-2016) and Sea WiFS monthly climatology data were analyzed.Based on monsoonal chl-
a and SST variability , we appraised their relationship and variations over the BoB.Trend analysis of chl-a concentra-
tion values shows that vertical mixing is very low in this region with weak annual phase,which reaches its maximum
in winter and minimum in summer. About 0.50 mg/m’ is observed during winter as the maximum chl-a
concentration value and then decreases since February until summer monsoon period. Summer monsoon period is
identified as lack of chl-a concentration,compared to winter monsoon period.In summer monsoon period, especially
in July and August,satellite sensors couldn’t capture chl-a concentration values accurately due to the dense cloud
cover.The R value for relationship between chl-a concentration and SST is observed to be 0. 218 1.

Key words chlorophyll a; Wind Pump ;Bay of Bengal ;sea surface temperature ;upwelling

1 Introduction Defined as the impacts of wind-driven ocean currents on
) ) water transport and subsequent ecological effects, “wind
Marine plants and phytoplankton are the major ., .
. ) ) 3 pump”’ changes the movement and the cycling of key
photosynthetic sources in the ocean surface, which sig- ) i

N ] ] i elements in the ocean thus affects the primary produc-
nificantly influence the fluctuation of atmospheric

Carbon Dioxide (CO,) (global carbon cycle) and pri-

mary productivity of the ocean systems. The major

tion, in marine ecosystems'® these natural phenomena
are varying according to their own time scales (‘annually

. . . . or seasonally) and chl-a concentration fluctuates almost
process is the synthesis of organic carbon using

. . L L . equally with them.But there is lack of studies and as-
inorganic CO, that varies in different climatic ambi- quatly

sessments of chl-a relationship with physical properties

ence' "> ‘When validating or assessing the primary pro- s

ductivity in the ocean, chlorophyll-a (chl-a) concentra-
tion is a vital parameter:ﬂ .Many nutrients such as ni-
trite , phosphate , silicate , etc. are highly usable ( within
the photic zone, where phytoplankton occur in abun-
dance) in phytoplankton environment especially upper
layers of the ocean'* . Distribution and density of phyto-
plankton depend on the nutrient level in the ocean sur-
face and sunlight availability, but the mixing of water,
occasional fronts, ocean circulation, cyclones, and up-
welling also affect the intensification of phytoplankton
distribution'>”® . Especially , “wind pump” "' is a major

factor for phytoplankton distribution in the ocean.

in different regions of the ocean

Upwelling and vertical mixing induced by “wind
pump” are the most significant factors in surface layers
of the which
phytoplankton ( chl-a )

depends on several limiting factors that is suggested by

ocean regulate the majority of

biomass'”'. This biomass
correlations such as the relationship between wind
speed and chl-a concentration, as well as wind speed
and SST which are negatively correlated in the world
ocean as typically'”’. Fluctuations of wind speed
regulate the depth of upper mixed layer and also

increase vertical nutrient mixing which cools the upper
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layer of the ocean''""* Spreading of SST in the Indian
Ocean is very significant because western part of the In-
dian Ocean is highly abundant with cooler water,
although the western part of Pacific and Atlantic oceans
are hot. Physical, chemical and biological properties in
the Arabian Sea region and the BoB region are compar-
atively different as western part of the BoB receives an
enormous freshwater supply which results in low salinity
during monsoonal periods. Therefore , the thermocline is
deeper in the western part of the BoB and upwelling is
comparatively less considering other regions of the
Indian Ocean' "',

The BoB is a very significant and important region
of the northern Indian Ocean due to the abundant exist-
ence of short term and long term seasonal cyclones and
eddies formation.Therefore , upwelling is highly induced
during these periods """, The BoB overall chl-a is
comparatively higher than that in southern Indian Ocean
around the equatorial region'"’. This study targets to
evaluate the temporal ( seasonal) variability of chl-a
concentration and SST, as well as the effect of wind
speed variation, further to study their interrelationship
over the BoB region in the northern Indian Ocean terri-
tory using statistical methods'>'*’. Satellite-derived data

and reanalysis data from specific data providers will be

i

used as major data sources.

20°N

latitude

80°E 85°E 90°E 95°E

longitude

Fig. 1 Study area (black square) in the BoB of the

northern Indian Ocean spreading from latitude

7-16°N and longitude 82-91°E

2 Data and methods

The study area extends around the BoB in the
northern Indian Ocean (7-16°N and 82-91°E) and
the variability of chl-a and SST in this area were
studied (Fig.1).The moderate-resolution imaging spec-
troradiometer ( MODIS ) _ Aqua ocean color based
monthly composite level-3 standard mapped image
(SMI) at 9 km spatial resolution data were downloaded
from National Aeronautics and Space Administration
(NASA) Ocean Color (http: // oceancolor. gsfc. nasa.
is July 2006 - Dec 2016.
“ Chlorophyll concentration data are calculated with
MODIS algorithm ( OC3M ) and averaged in global
ocean region. The OC3M algorithm is: log,, ( CHL) =
0.283-2.753R+1.457R*> +0. 659R” — 1. 403R* where
R=log,,[ max(R_(443) ,R_(488))/R, (551) """,
Chl-a values are derived from the recorded radiance
using the OC2 algorithm in MODIS-Aq. Chl-a concen-

tration'"™. Over 10 mg/m’ chl-a values were not

gov ). Time duration

evaluated for this analysis because such values are spo-
radic. Furthermore, Sea-viewing Wide Field-of-view
Sensor (Sea WiFS) monthly climatology 1° X 1° data
were downloaded from University of Hawaii website
(http ; // apdrc.soest.hawaii.edu ) .

The 0.25°x0. 25°-pixels resolution monthly aver-
aged SST data were downloaded from WindSat monthly
averaged data products, Version-7. 0. 1 from the Univer-
sity of Hawaii website (http: //apdrc.soest.hawaii.edu)
for July 2006 — December 2016. Since there weren’t
precise values for June and July of 2007, average SST
value was used for these two missing values.

Monthly

downloaded from National Centers for Environmental

averaged wind speed data were
Prediction (NCEP) reanalysis data using University of
Hawaii website (http: //apdrc.soest.hawaii.edu ) . Pixels
resolution is 2.5° X 2.5° and time duration was the

same as above.

3 Results

3.1 Chl-a concentration variation in the BoB
The area-averaged chl-a concentration in the BoB

area during the period of July 2006—December 2016 is

showed in Figure 2. Considering this studied time
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Fig.2  Area averaged monthly time series of chl-a concentrations with moderately increasing linear trend for the BoB for the period of

2006—2016( The highest chl-a concentration value (showed in black arrow;0.50 mg/m’) is observed in December 2013)

period , the chl-a concentration is varied from 0. 10 mg/
m’ to 0. 50 mg/m’.The lowest of the areal average of
chl-a concentration of 0.10 mg/m’ is noted in May
2010 and the highest of 0. 50 mg/m’ noted in December
2013. According to Figure 2,five major peaks are identi-
fied (0.50 mg/m’ in December 2013,0.45 mg/m’ in
August 2006,0. 36 mg/m” in July 2006,0. 35 mg/m’ in
September 2012 and 0. 35 mg/m” in September 2016) .

3.2 Error of cloud cover pixel

In literature review, many researchers suggested
the noticeable cloud cover period during the summer
monsoon period ( especially June to August).Therefore,
this cloud cover decreases the satellite observations and
accuracy of satellite data''>"'.In this study,a lack of
pixel data during July and August is also found (figures
are not provided ) from 2006 to 2016. Figure 3 also
shows high chl-a concentrations
This

researcher’s suggestions.This problem may be due to the

during July and

August. observation coincides with  above

lack of pixel data to take accurate average value.

3.3 SST and chl-a concentration

In this study,SST data during 2006—2016 are also
observed to clarify the variability of chl-a concentration.
SST variation is in sinusoidal distribution during this
time period and varied in the range of 27.9-31.4 °C
(Fig.4).The minimum SST value (27.9 °C) is noted
during January 2007 and January 2014, and the maxi-
mum value of SST (31.4 °C)) is noted in April 2010.

Moderately sensible correlation between surface chl-
a concentration and SST are identified (R*=0.218 1,p<
0.05) (Fig.5).

3.4 Chl-a concentration and wind speed

Chl-a concentration and wind speed are moderately
correlated in this area (R* = 0.193 1, p <0.05,
significant at 95% ) (Fig.6).Chl-a concentration is in-

creasing with increase of wind speed.
4 Discussion

4.1 Variability of chl-a concertation
High chl-a

September to January.This high chl-a concentration may

concentration is found during

be induced by the nutrient upwelling which is caused
[12

by the sea level anomalies and winds'"*.“ Wind pump”
influences on water movements which changes the
transport and the cycling of major elements in the
ocean' > _Furthermore , open ocean upwelling which is
also motivated by Ekman pumping increases the chl-a
concentration by cyclones which are very copious during
winter monsoon periods that triaged increase nutrients
concentrations to upper layers in the BoB region[m

Variability of chl-a ( Fig.2) for period 2006-2016 il-
lustrates that the year 2013 has the maximum value
(0.50 mg/m’) of chl-a concentration. In December
2013, category-2 tropical cyclone ( “Madhi” ) formed in
the southwestern BoB and crossed over the western BoB

area ( https: // www. nasa. gov/content/goddard/92b-
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Fig. 3 Monthly averaged chl-a concentration in the study area, with summer cloud cover pixel

error shown in July and August (below 10°N) (Sea WiFS monthly climatology )
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Fig. 4 Area averaged monthly time series of SST show an increasing linear trend in the studied region. Maximum sea surface

value is observed in April 2010 (31.4 °C). The black arrow shows the minimum SST anomaly during the study period
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Fig. 6 Scatter plot of the monthly chl-a concentrations
versus wind speed (R*=0.193 1,p<0.05)

northern-indian-ocean/ ). Ekman velocity

pumping
index is an important character for understanding the
vertical mixing in this period *''.This could be the most
appropriate reason to explain the above high chl-a val-
ue.

Due to the cloud cover pixel error in monthly cli-
matology, chl-a concentration in the lowest part of the
study region during July 2006 and August 2006 may be
poorly averaged. The resulted chl-a concentration and
wind speed correlation shows positive trend ( increase )
and these results suggest the upwelling induced by wind
energy mechanism (moderately).Kumar et al., (2002)
evaluated the less productivity in the BoB than in the
Arabian sea during the summer monsoon period and
mentioned that surface layer of the BoB is strongly strat-
ified by frequent rainfall, river inputs and weak wind
patterns over the BoB.Though the summer monsoon is

impotent to corrode the stratified layer, which leads to

339

the reduction in vertical mixing'*'. Figure 3 shows low
chl-a concentration during May to June,but during July
to September chl-a concentrations are very high as
earlier ( during summer monsoon).It could be due to
the aforementioned cloud cover pixel issue during the

period from July to August.

4.2 Monsoonal effect and SST on chl-a concentra-

tion

Upper layer chl-a concentration is identified as
lower during the years 2006 — 2010 compared to the
other years and then increases during 2010-2013; the
inconsistency of chl-a graph for 2006 — 2016 displays
that the year 2013 has recorded the highest value
(0.50 mg/m*) but it tends to decrease from 2014 to
2015, and appears to increase again after June 2016.
Due to cloud cover pixel errors winter monsoon and the
inter-monsoon period is most suitable to study chl-a
concentration in the BoB area because the spatially val-
idated pixel availability is much higher than that in
summer monsoon season. During winter monsoon period
productivity is higher in the BoB than during summer
monsoon period mainly due to the stratified upper water
column ( excluding natural cyclones formation ). Most
probably the occurrence of cold eddies controls the nu-
trient mixing to the surface ocean during the winter
monsoon. The surface cooling is increased by the net
heat loss from the sea surface. Relatively heavy winds
induce the wind mixing and effect on the water column
which also induce a proficient nutrients supply by cold
eddies.Chl-a concentration in upper layers is chiefly de-
pendent on stratification and wind mixing.Then,the chl-
a concentration in the subsurface layer of the ocean is
dependent on the existence of mesoscale eddies > .Im-
portantly , surface water consists high concentration of
dissolved oxygen than bottom water. As well , warm water
is incapable of holding more dissolved oxygen than cold
water, which may explain above results'®’.But there is
no strong evidence of this impact on BoB region.Overall ,
a minor increasing trend of chl-a concentration is identi-
fied during 2006-2016 over the study area,which is evi-
dent from the statistical values (R*=0.000 2,p<0.05).

During the study period, SST trend is positive but
not significant ( Fig.4) , which is opposed to interpreta-
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tions over the western Indian Ocean'®® .SST is a most
important factor (other than wind stress) for vertical
upwelling and winter mixing in the western Indian
ocean. As well as the SST decline during winter
monsoon ( about 3 “C) describes the occurrence of
maximum chl-a within the winter monsoon ( December)
over the BoB region. Reducing SST levels further
explain additional mixing of surface water and deep
water which cause the supply of nutrients to the upper

surface
SST  be

considered as a proxy for factors which induce high chl-

layers and enhance the productivity of

[27]

layers' ™. Kumar et al. suggested that

a concentration in the central equatorial Indian
Ocean''®’ but R* value is observed as 0. 22 between chl-
a concentration and SST in the current relationship
study. Therefore, it couldn’t be clearly suggested as a
proxy for variables on chl-a concentration in the BoB

region as in central equatorial Indian Ocean.

4.3 “Wind pump” effects on chl-a concentration

Wind stress is possibly the most important force
effect on the upper layer of the ocean'® . Generally,
many scientists suggested that wind speed and chl-a
concentration shows a strong positive relationship in

[12,29-30
open ocean

! while the BoB region showed mod-
erately positive relationship between chl-a and wind
speed.Maybe the reason for the latter is the strong strat-
ification which forms especially during the summer
monsoon. Mixing behavior of wind and chl-a does not
depend on each other alone.The course of winds could
induce the upwelling or downwelling'*"’. Wind patterns
in the BoB stimulate minor upwelling considering other
parts of the Indian Ocean, therefore, a positive
correlation can be observed with wind and the increase
in chl-a concentration.This can be considered as one of

the “wind pump” effects'”’ .

5 Conclusion

During 2006 —2016 the chl-a concentration illus-
trates moderate increasing trend in the BoB region.High
chl-a concentration possibly occurs due to the enhanced
horizontal advection during winter over the Indian
Ocean region. This phenomenon affects biological pro-

ductivity in the BoB region.The behavior of heavy winds

and eddy featured cyclone formation are responsible for
the nutrient uplifting to the surface areas and mixed
layer enhancement through the cool thermocline water,
via “wind pump” effects.

During September to January an increase in chl-a
concentration occurs by this wind mixing and
moderately cooling result. During winter monsoon high
chl-a concentration can be observed due to the rich nu-
trients which are resulted by the deep and surface water
mixing led by the decline in SST. Therefore , inhibiting
the comparison between winter monsoon and summer
monsoon.

This study shows both relationship between chl-a
concentration and sea surface temperature ( R =
0.218 1,p<0.05), and between chl-a concentration
and wind speed (R*=0.193 1,p<0. 05) .Moderate pos-
itive relationships are shown in BoB region. Most
probable reason is the strong stratification especially in
summer monsoon.Wind speed is considered as the most

effective energy force in the vertical mixing in the BOB

like other oceanic regions.
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