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Abstract: 

Absorption spectra, particulate pigments and hydro chemical constituents were measured in the western 

Bay of Bengal (BoB) during July-August 2010 when influence of river discharge is at peak. Chromophoric 

dissolved organic matter (CDOM) absorption coefficient (aCDOM(440)) displayed a significant inverse linear 

relationship with salinity in the surface waters implying conservative mixing of marine and terrestrial end 

members. The northern part of the study area is influenced by discharge from river Ganga and a dominant 

terrestrial CDOM signal is seen.  The southern part receives discharge from peninsular rivers with 

corresponding signals of higher CDOM than the linear model would indicate and higher UV specific 

absorption coefficient (SUVA) indicating more aged and humified DOM. Lower contribution of CDOM to 

total non-water absorption and higher phytoplankton biomass (chlorophyll a absorption coefficient, aph(440))) 

but lower chlorophyll a specific phytoplankton absorption coefficient (a*
ph(440)) characterize the northern 

part, compared to the southern part.  Chlorophyll b had a distinct linear relationship with chlorophyll a in the 

latter. The size index (SI) indicated dominance of microphytoplankton in the northern and nano and 

picophytoplankton in the southern parts. Chlorophyll a is significantly related to a*
ph(440) by an inverse power 

model in the northern part but by an inverse linear model in the southern part.  Our study suggests that 

knowledge of the phytoplankton community structure is essential to improve Chlorophyll a algorithm in the 

coastal Bay of Bengal. 

Keywords: Chromophoric dissolved organic matter (CDOM); Chlorophyll specific absorption coefficient 

(a*
ph);SUVA254; Phytoplankton community structure; Bay of Bengal 
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1. Introduction  

The remote sensing algorithms for estimation of chlorophyll a (chl a), in the case of coastal waters, tend to 

overestimate due to co-absorbing components namely chromophoric dissolved organic matter (CDOM) and 

detrital particles (Dierssen 2010). Appropriate corrections should be made for CDOM and detrital particles in 

the absorption balance equation (eq. 1) (Kalle 1966; Jerlov 1968; Bricaud et al. 1981): 

aph = aT – (aCDOM + aD). . . eq. (1),  

where aph, aCDOM and aD are absorption coefficients of phytoplankton, CDOM, and detrital particles, 

respectively, and aT is total non-water absorption coefficient. The CDOM, operationally, is the UV-Visible 

light absorbing fraction of DOM present in permeates of samples filtered through 0.22 μm pore size filters 

(Blough and Del Vecchio 2002). CDOM absorption decreases exponentially with increasing wavelength and 

can be modelled by an exponential decay curve:  

a(λ) = a(λo) e-S(λ-λo) . . . eq. (2), 

where a(λ) is the absorption coefficient at wavelength λ, λ0 is a reference wavelength, and S is referred to as 

spectral slope. In coastal margins of oceans, semi-enclosed seas, embayments, and estuaries, the dominant 

source for CDOM is terrestrial CDOM transported by rivers (Siegel et al. 2002; Coble 2007; Nelson et al. 

2007). Even in the pelagic ecosystem, such as the equatorial Atlantic, terrestrial signature of CDOM has 

recently been found (Andrews et al. 2013).  However, the CDOM of open ocean pelagic ecosystems is due to 

in situ processes of production, recycling and degradation by photosynthetic, photochemical, and microbial 

processes (Coble 2007). The correction factors for aCDOM and aD in remote sensing algorithms for the 

estimation of chl a in coastal waters are variable at the regional level (e.g., Dong et al. 2013).  Further, due to 

the variable community structure of phytoplankton, and due to overlapping absorption by the associated 

pigments, there is no uniform conversion factor for aph to chl a.  Depending on the living phytoplankton’s 

average cell size and the associated package effect (Duysens 1956), the chlorophyll specific absorption 

coefficient (a*ph) is highly variable and should be known with reasonable accuracy for chlorophyll retrieval 

(Sathyendranath 2000). 

The Bay of Bengal is the eastern extended arm of the Indian Ocean at its northern boundary. Land 

drainage, principally the Ganga - Brahmaputra (G - B) river efflux at the Indo-Bangladesh border, the 

Irrawaddy and Salween from Myanmar, and the Godavari, Krishna, Mahanadi and Cauvery rivers from 

peninsular India make the Bay of Bengal an extensive dilution basin. For the 1.13% of the oceanic surface 

area it occupies, the Bay of Bengal receives, disproportionately large,  6.6% of the global river water flux 

(UNESCO 1979) and 8.9% of the suspended particulates flux (Subramanian 1993).  The river flow is 

seasonal, taking place mainly during the southwest (SW) monsoon.  The SW monsoon is active for 5 months 

(May-September) and is responsible for ~80% of rainfall in the South Asian region.  During the SW monsoon, 

the coastal current in the western Bay of Bengal, called the East India Coastal Current (EICC), has two 
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components in the study area –(i) the southward moving northern component  (Fig. 1, T6-T9 region) 

transporting the Ganga input, and (ii) the northward moving southern component (T1-T5 region) transporting 

Indian Ocean water (Shetye et al. 1991).  The Indian Ocean water is modified by peninsular river inputs in 

confined nearshore regions, due to their smaller size compared to that of the Ganga.  Away from these regions 

of surface freshening, the surface water is of oceanic salinity and subjected to modification by upwelling.  

Coastal upwelling has been frequently reported in the western Bay of Bengal (Murty and Varadachari 1968; 

Shetye et al. 1991; Narasimha Rao 2002; Sarma et al. 2012) during summer monsoon.  Thus, the bio-optical 

properties are highly variable in the western coastal Bay of Bengal (Tilstone et al. 2011; Nagamani et al. 

2012; Chari et al., 2012, 2013).  

There has been intense research interest recently on this complex region. Suitability of various existing 

remote sensing algorithms has been tested (Tilstone et al. 2011; Nagamani et al. 2012), chl a-mapping was 

studied (Vinayachandran and Mathew 2003; Prasad and Singh 2010; Singh and Chaturvedi 2010), and new 

algorithms for specific applications such as bloom detection were developed (Shanmugam 2011; Simon and 

Shanmugam 2012). The objective of this paper was to examine the a*
ph to chl a relationship for possible 

application in remote sensing algorithms. As this relationship is influenced by the cell size of phytoplankton 

due to the package effect, and may vary within the study area, it was also intended to derive the phytoplankton 

community structure by adopting a pigment based methodology, and to identify different geographic regions 

of unique phytoplankton composition and specific non-water absorption (aph-aD-aCDOM) balance within the 

study area. 

2. Materials and Methods 

2.1. The Study Area 

In a coastal region covering ~36,000 km2 of the northwestern Bay of Bengal, 72 stations in 9 transects 

(Fig.1) were sampled at 25, 50, 75, 100, 250, 500, 750, and 1000 meters isobaths. At the centre of the 

coastline is Visakhapatnam (Transect T5).  South and North of Visakhapatnam, major estuaries are situated, 

opposite each of which sampling was done in pairs of transects e.g., Krishna (southern: T1 and northern: T2), 

Godavari (T3 and T4) and Mahanadi (T8 and T9).  Off the minor estuaries Vamsadhara and Hayadri, 

sampling was done in a single transect (T6 and T7 respectively).  The transects covered different distances as 

the width of the continental shelf increases from 7 km in T1 to 42 km in T5 and then decreases to 31 km in 

T9.   

2.2. Samples and their analyses 

Seawater samples were collected onboard ORV Sagar Nidhi between 24th July to 12th August 2010 (Cruise 

No. 42) using a Seabird rosette system(General Oceanics Inc., 1015-12) fitted with 20 Niskin bottles each of 5 

litres capacity and a CTD (SBE 19 plus). The samples were processed and analyzed for suspended particulate 

matter (SPM), dissolved oxygen (DO), pH, and dissolved organic carbon (DOC). Spectral absorption 
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measurements were made for CDOM, phytoplanktonic and detrital matter. A standard protocol was adopted 

for filtration of water samples onboard immediately after collection.  For CDOM about 100ml were filtered 

under dim light and gentle vacuum through 0.22 µm Millipore polycarbonate membrane filter, which had 

been briefly (5 min) soaked in purified water, into pre-combusted amber coloured bottle.  For DOC a known 

volume of the sample was filtered through Whatman GF/F filters (0.7 µm pore size, 25 mm, pre-combusted at 

450 °C for 4 hr). The filtrates were acidified to pH 3 - 4 using 1% phosphoric acid, stored in pre-combusted 10 

ml, air tight glass tubes at ~10 °C until analysis. The DOC was measured using a TOC analyser (Shimadzu, 

TOC-V-5000) following the high temperature catalytic oxidation method. The accuracy of DOC 

measurements was checked after every fifth sample with certified reference material supplied by Dr. D. 

Hansell, University of Miami, USA (Batch 5 FS).For chl a and other pigments, about 300 – 500 ml were 

filtered through Whatman GF/F filter (0.7 µm, 25 mm) and immediately put in an organic solvent for pigment 

extraction.  For particulate absorptions, one litre was filtered through Whatman GF/F filters (0.7 µm, 47 mm). 

The filters containing phytoplankton were preserved in liquid nitrogen until measurement in the laboratory on 

shore.  For SPM, another 1 litre was filtered through pre-weighed 0.22 µm Millipore polycarbonate membrane 

filters followed by washing with purified water to remove adhered sea salt and the filters were dried at 60 oC 

to constant weight.  Dissolved oxygen was determined using modified Winkler titration (Carritt and Carpenter 

1966) employing automated potentiometric detection of endpoint. The pH was measured onboard using glass 

electrodes (Metrohm, Switzerland) following standard operating procedure suggested by the Department of 

Energy (DOE) (1998). 

2.3. Spectral measurements 

2.3.1. CDOM absorption: 

Absorbance measurements of CDOM were made in a Shimadzu UV-Visible 1800 double beam 

spectrophotometer onboard in 10 cm path length quartz glass cells using purified water as reference.  

Absorbance spectra were obtained for the 200 - 800 nm range at 1 nm intervals.  With all samples, the optical 

density at 700 nm was low (0.0000 ± 0.0001), and for uniformity, it was null-point corrected at this 

wavelength (Shank et al. 2009). The absorption coefficient a(λ) was calculated from the corrected absorbance 

using the equation, 

a(λ) = 2.303 A(λ) / 0.1 (m-1) eq. (3), 

 where 2.303 is ln(10) and 0.1 is the cuvette path length in meters. The spectral slope, S, was calculated by 

fitting an exponential regression model to the absorption coefficient vs. wavelength (see eq. 2).  The spectral 

region of 300 - 500 nm was used because of low absorption at longer wavelengths (Stedmon and Markager 

2003). Spectral slopes for the 275 – 295 nm and 350 – 400 nm regions were also similarly calculated for 

deriving the spectral slope ratio (SR) (Helms et al. 2008) and for plotting the DOC specific aCDOM(440) against 

S275-295(Fichot and Benner 2011).  The reference wavelength chosen for our study was 440 nm.   The DOC 
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specific UV (254 nm) absorption coefficient [(SUVA)254]  was calculated as ratio of a254 (m-1)with DOC (gC 

m-3) (Neff et al. 2006, Helms et al. 2008). 

2.3.2. Particulate absorption 

The frozen GF/F filters (47 mm) containing the particulate matter were thawed and wetted with filtered 

(0.22 μm) seawater before measurements using the quantitative filter technique (QFT). A blank filter pre-

equilibrated with purified water was also wetted with seawater.  Absorbance, A, of the sample filter was 

measured against the blank filter on a Shimadzu UV-Visible spectrophotometer model 2450 equipped with an 

integrating sphere attachment following the procedure of Mitchell (1990). The scan was from 300 to 750 nm 

at intervals of 1 nm.  The measurement was repeated after rinsing the filters with warm methanol for one hour 

(Kishino et al. 1985). Spectral correction was first made by subtracting the optical density at 750 nm, and then 

a correction was applied for path length amplification, i.e., the β-effect (Mitchell 1990; Cleveland and 

Weidemann 1993), as follows:  

Ac(λ) = 0.378 A(λ)+ 0.523(A(λ))2 . . . eq. (3). 

The corrected optical density of the total particulate matter, Ac, was then converted into light absorption 

coefficients by the total particulate matter (ap(λ), before extraction with methanol) and detritus matter (aD(λ), 

after extraction), by the following equation (Fujiki and Taguchi 2002):  

ap(λ), aD(λ) = 2.303 Ac(λ)/(v/s) . . . eq. (4),  

where v is the filtration volume (litres) and s the area of the filterpad’s free area (m2).  The phytoplankton 

component aph(λ) of the total particulate matter was then determined by subtracting aD(λ) from ap(λ) 

(Sathyendranath et al. 1999; Bricaud et al. 2004; Matsuoka et al. 2011): aph(λ) = ap(λ) –aD(λ).  The spectral 

slope of ap(λ) , SD,  was determined as in the case of the CDOM slope using eq. 2,but for the 380 to 730 nm 

range, excluding the 400–480 and 620–710 nm ranges to avoid any residual pigment absorption that might 

still have been present (Babin et al. 2003, Matsuoka et al. 2011).  

2.4. Phytoplankton pigments: 

Phytoplankton pigments were extracted overnight in 90% acetone at 4oC.TheWhatman GF/F filtered 

extract was injected into an HPLC System (LC 1200 series, Agilent Technologies, USA). The separated 

pigment peaks were identified using the Chemstation software that matches retention times and absorption 

spectra with those of pigment standards (DHI, Denmark).  The calibrations were checked periodically.  The 

pigments analyzed were chlorophyll C3 (chl C3), chlorophyll C2 (chl C2), peridinin, 19'-butanoyl 

oxyfucoxanthin (19'-But), fucoxanthin, 19'-hexanoyl oxyfucoxanthin (19'-Hex), diadinoxanthin, zeaxanthin, 

chlorophyll b (chl b), chlorophyll a (chl a), divinyl chlorophyll a (DV chl a), β,β-carotene, and chl a 

degradation products.  The method of Van Heukelem and Thomas (2001) was followed in this study:  
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Column: Reverse Phase ZORBAX eclipse XDB-C8 column (4.6x150 mm) housed in a thermostat at 60°C; 

Eluent: 2 solvent system, solvents A and B, prefiltered through 0.45 µm PVDF filters, Millipore, gradient 

elution at flow rate 1.1 ml min –1;  Solvent A: 70:30 (v/v), methanol (GC Assay 99.7% pure, Merck): 28 mM 

aqueous (aq.) tetra butyl ammonium acetate (TBAA, AR Grade, Fluka) buffer;  pH adjusted to 6.5;  Solvent 

B: 100% methanol; Sample injection: The injector program was optimized to deliver 200 µL of sample 

solution and 750 µL of buffer (pH 6.5, 28 mM aq. TBAA: methanol = 90:10, v/v), automatically mixed within 

the extended volume sample loop before injection; Elution: Linear gradient of solvent B from 5 – 95% in 22 

min, isocratic hold of 95% solvent B from 22 – 29 min, return to 5% solvent B at 31 min, equilibration for 

further 5 min (31 – 36 min) before next injection commences; Detection: wavelength 450 and 665 nm (20 nm 

bandwidth) using a Diode array detector. 

2.4.1. Phytoplankton community structure and size index:  

The pigment concentrations were used to compute the size fractions of phytoplankton from the equations of 

Babin et al. (2003) and Bricaud et al. (2004) without involving the non-detectable pigments. 

Picophytoplankton (%)  = 100 * [((0.86 (zeaxanthin) + 1.01 (chl b)) / DP]  . . . eq. (5) 

Nanophytoplankton (%) = 100 * [((0.35 (19'-BF) + 1.27 (19'-HF)) / DP]   . . . eq. (6) 

Microphytoplankton (%) = 100 * ((1.41 fucoxanthin) + 1.41 (peridinin)) / DP]  . . . eq. (7) 

where DP is the sum of the weighted concentrations of all diagnostic pigments given by 

DP = 0.86 (zeaxanthin) + 1.01 (chl b) + 0.35 (19'-BF) + 1.27 (19'-HF) + 1.41 (fucoxanthin) + 1.41 

(peridinin)                    . . . eq. (8). 

The phytoplankton size index (SI) was then calculated as follows:  

SI = [(1 * (% picoplankton) + 5 *(% nanoplankton) + 50 *(% microplankton)] / 100 . . . eq. (9). 

A total of 70 samples were available for estimation of dissolved constituents and pigments, and 58 the filters 

were available for spectral QFT-measurements. 

3. Results 

3.1. Hydrochemistry 

Contour maps of salinity, DO, and SPM are shown in Fig. 2a, 2b, and 2c, respectively. The salinity was 

between 20 and 24in T9 and T8, increased across T7 and T6 to ~34 in T5, and remained at this level further 

south. A moderate drop in T4 en route is observed and is attributed to the Godavari discharge.  Temperature 

and pH (data not shown) showed opposite trends to that of salinity, with pH showing a stronger(negative) 

correlation with salinity (R2 = 0.80, N = 70) than temperature.   Dissolved oxygen (DO) was higher in the 

fresher northern waters and decreased gradually southwards.  Particularly, the DO level was under-saturated 
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in the coastal region extending up to 250 m isobaths of T2 (DO saturation, 45%), T4 (59%), and T5 (73%). 

These regions had high salinity and cooler surface temperature indicating occurrence of coastal upwelling 

(consistent with earlier reports of Murty and Varadachari 1968; Shetye et al. 1991; Narasimha Rao 2002; 

Sarma et al. 2012).  SPM was higher in transects opposite R. Krishna (T1, T2) and R. Godavari (T3, T4) (20 - 

34 mg l-1)than in the northern transects (T7 - T8, 9.5mg l-1) closer to R. Ganga. 

3.2. CDOM absorption characteristics 

The concentration contours of aCDOM(440),S300-500, and DOC are shown in Fig. 2d, 2e,and 2f, respectively. 

In half of the samples aCDOM(440) was < 0.12 m-1 and higher, up to 0.252  m-1, in the remaining samples. 

These higher aCDOM(440) values were found in lower saline waters of  T7 - T9 transects, most stations of T4, 

and some nearshore stations.  The aCDOM(440) shows a significant inverse linear relationship with salinity (Fig. 

3a):  aCDOM(440) = -0.011 Salinity  + 0.429 (R² = 0.77, N = 55). This relationship is highly significant 

(p<0.0001, 2-tailed ‘t’ test) but does not apply to several stations of T3 and T4 (opposite R. Godavari) and a 

single coastal station of T1 (R. Krishna) and T7 (R. Hayadri) due to higher aCDOM (440) than the linear model 

would predict.  

The spectral slope values, S300-500, were in the range 0.009 - 0.020 nm-1 for most samples (Fig. 2e) and fit to 

a highly significant inverse linear model with aCDOM(440) (Fig. 3b): S300-500 = -0.017 aCDOM(440) + 0.016 (R² = 

0.24, N = 67, p = 0.0001).  The mean slope of the conservative aCDOM(440) samples is 0.0143 ± 0.0019 nm-1, 

close to the global average of 0.014 nm-1 (Del Castillo et al. 2000, S300-700).  The meanS300-500 of the subgroup 

of anomalously higher aCDOM(440) samples (T3 and T4) was lower being0.0121  ±  0.0022 nm-1. 

3.2.1. DOC, SUVA254 and SR 

The DOC concentration was high at T6 (201.4 ± 18.5 μM) and some coastal patches of T3 (Fig. 2f). It was 

least at T5 (140.6 ± 14.7). We examined whether DOC specific aCDOM(440) is correlated (exponentially) with 

S275-295, as recently found for  DOC specific aCDOM(350) (Fichot and Benner 2011), to examine it as a possible 

means for remote estimation of DOC.  The aCDOM(440) / DOC - S275-295 relationship was highly significant 

(Fig. 3c): aCDOM(440) / DOC = 1E-06 (S275-295)-2.95 (R2 = 0.69, N = 70, p < 0.0001). 

The DOC specific absorption coefficient at 254 nm (SUVA254) is within the range of values for aquatic 

systems reported elsewhere (Neff et al. 2006; Spencer et al. 2008, 2009; Stedmon et al. 2011).  It conforms to 

a conservative model for a majority of the samples (Fig. 3d): SUVA = -0.0905 Salinity + 3.392 (R2 = 0.75, N 

= 60).  The average SUVA for this conservative group was 1.22 ± 0.51 m2 (gC)-1.  The samples that do not fit 

to the conservative model were from the T3 and T4 transects off R. Godavari, with a higher average SUVA 

(1.56 ± 0.38 (N = 10) m2 (gC)-1). The spectral slope ratio (SR) is conservative for samples containing salinity < 

32 (T6 - T9) of the SUVA-conservative group (Fig. 3e). 
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3.3. Phytoplankton pigments: 

The mean concentration of chl a for a majority of the samples was 1.15 ± 0.52 mg m-3 (range: Nil - 2.14) 

(Fig. 4a).  High concentrations (>3 mg m-3)occurred only in the shelf region of T8 (25 - 250 m, 2.06 - 6.88, 

average:3.67) and throughout T9 where the highest concentrations were reached in the outer shelf region (75 - 

250 m) (7.1 - 9.9, 8.34).  Higher concentrations also occurred in T3 (25 - 100 m isobaths, 1.62 - 2.05, average: 

1.67), and T4 (250 - 2000 m, 3.57 - 4.81, 4.04).  The decreasing order of the five major pigments is chl a 

followed by fucoxanthin, diadinoxanthin, chl c2, and β,β-carotene. The four latter major pigments are tightly 

correlated to chl a with R2 values (N = 70) of 0.89, 0.82, 0.84, and 0.82, respectively.  Zeaxanthin, a 

biomarker for cyanobacteria, was found in T5 and T9 due to possible occurrence of favourable conditions of 

surface stratification, warmer temperatures and low nitrate. 19'-Hexanoyl oxyfucoxanthin (19'-Hex), a 

biomarker for prymnesiophytes is mainly confined to southern transects, T1-T5 (Fig. 4b), and is significantly 

correlated to 19'-butanoyl oxyfucoxanthin (19'-But), a diagnostic marker pigment for chrysophytes.  Peridinin, 

a biomarker for dinoflagellates is found off R. Godavari (T3 and T4).  DV chl a (a biomarker for 

Prochlorophytes) was only found at a single station (T1, 1000 m, 0.0328 mg m-3). The sums of concentrations 

of the accessory photoprotective pigments (APPP: diadinoxanthin, zeaxanthin and β,β-carotene) and the 

accessory photosynthetic pigments (APSP: chl b, chl c2, chl c3, DV chl a, fucoxanthin, 19'-Hex, 19'-But, and 

peridinin) are tightly correlated.   At stations where chl a < 7 mg m-3, the relationship was: APPP = 0.6313 

APSP + 0.0249 (R2 = 0.93, N = 69).  At the three stations of T9 where chl a was >7 mg m-3, the relationship 

was APPP = 1.0324 APSP - 0.2874 (R2 = 1, N = 3). 

The phytoplankton, from size index calculations (Fig. 4a),is dominated by microphytoplankton.  From a 

baseline abundance of 62% inT1, the microphytoplankton increased to 71% in T5 and to 94 - 96% in T8 - T9. 

Minima with respect to this baseline (Fig. 4a) are due to the increased abundance of picophytoplankton (T3, 

T5 and T7) and nanoplankton (T3 and T5).  Among all minor pigments, chl b showed a unique bimodal 

behaviour against chl a for microplankton (and chl a) richest samples of T8 and T9 plus a few coastal stations 

of other transects in one mode and the remaining samples in another mode. In the latter mode the samples in 

which aCDOM(440) and SUVA254 were anomalously high are included. Each mode is highly significant (p < 

0.0001) with R2 values of 0.71 (N = 21) and 0.88 (34) respectively. 

3.4. Particulate absorption characteristics 

The aD(440) varied widely (0.0121- 0.509 m-1).  Its spectral slope showed a mean value of 0.0122 (± 

0.002) nm-1. The aD(440) has a significant positive linear relationship with SPM in the region dominated by 

microphytoplankton (Fig. 5b): aD  = 0.0124 SPM – 0.0571 (R2 = 0.87, N = 16) but not in other regions.  The 

phytoplankton absorption coefficient (aph(440)) varied even more widely (0.0034 – 0.2) and contributes ~20 ± 

12% to the total particulate absorption.  The fractions of aD (aD/aT) and aCDOM (aCDOM/aT) were significantly 
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correlated to each other, more tightly in regions in which picoplankton is > 60% of biomass than in other 

regions: 

aD/aT = -1.096 (aCDOM/aT) + 0.9569, (R2 = 0.96, N = 20) eq. (10): For nano and picoplankton > 60% patches 

aD/aT = -1.234 (aCDOM/aT) + 0.8669, (R2 = 0.65, N = 35):   eq. (11) For microplankton regions 

The chlorophyll specific phytoplankton absorption coefficient (a*ph(440)) ranged from 0.0036 to 0.1663 

m2 mg-1 and its value decreased with increasing chl a concentration (Fig. 5c). A power model applicable for 

the larger sized phytoplankton (diatoms, dinoflagellates, green algae) with larger possible package effect 

(Duysens 1956) and a linear model applicable for the smaller sized phytoplankton (nanophytoplankton, 

picophytoplankton) emerged: 

a*ph(440) = 0.0614 (chl a)-0.76 (R² = 0.57, N = 36, p < 0.0001)  eq. (12):  Microphytoplankton region 

a*ph(440) = -0.0209 (chl a) + 0.04 (R² = 0.46, N = 20, p = 0.001)  eq. (13): Nano and picophytoplankton 

region 

 

4. Discussion 

4.1. Sources of water 

During the southwest monsoon, discharge from the Ganga - Brahmaputra and Irrawaddy - Salween river 

systems is huge (> 14,000 m3 s-1 by each, Vorosmarty et al. 1998).  A significant part of this influx flows 

southward along the central Bay of Bengal region, as part of the EICC (Shetye et al. 1991).  Due to this, the 

offshore (surface) water here is fresher than the coastal water by as much as 3 - 4.  In the south, the EICC flow 

is northward carrying freshwater influx from monsoonal rivers, which is much less compared to that of R. 

Ganga.  A front develops at ~19oN where these two currents meet (Varkey et al. 1996).  The western boundary 

current that transports high saline water from the Indian Ocean as a part of the subtropical gyre is well 

developed during SW monsoon season (Shetye et al. 1993). Here salinity follows the normal pattern of 

gradual increase in the offshore direction as the peninsular rivers have a much smaller influence due to lower 

discharges (cf., Mahanadi, ~700 m3 s-1; Godavari, 1100; Krishna, 800 m3 s-1).  During pulses of peak floods 

occurring at different times for different rivers, however, the brief fluxes can match that of R. Ganga.  The 

influence of R. Godavari is thus seen all along T4, but of R. Krishna at the coastal station(only) of T1.  No 

other river seems to affect the hydrography of the region at the time of sampling.  Their influence may be 

confined to coastal region nearer than the 25 m isobath where sampling has not been done in this study.  

4.2. Hydrological controls on aCDOM(440) 

The aCDOM(440) values are within ranges reported for several coastal regions (Davies-Colley et al. 1992, 

Stedmon et al. 2001; Stedmon and Markager 2003; Sasaki et al. 2005 Loisel et al. 2009; Bowers et al. 2012). 
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The significant inverse linear relationships of aCDOM(440) and S300-500 with salinity (Fig. 3a, 3b) infer that 

conservative mixing of marine and terrestrial end members controls aCDOM(440) largely (Blough and Del 

Vecchio 2002). The existence of a balance between production and loss for CDOM is unlikely due to the 

geographic size and salinity range of the study area. During the monsoon season, the influence of R. Godavari, 

which is the largest of the peninsular rivers, is seen in these transects as with respect to the conservative 

mixing line, at some stations opposite of R. Godavari the aCDOM(440) was higher by 0.07153 m-1compared to 

that calculated for their average salinity of 32.5. The discharges from Krishna (T1) and Hayadri (T7) are much 

smaller and their influence seems to be confined close to a coastal station in each transect.  An alternative in 

situ phytoplankton source for CDOM was also considered but the external riverine source in T3 and T4 

stations is supported from SUVA and SR data. 

The SUVA, as an index of DOM aromaticity (Weishaar et al. 2003), is a valuable tool to infer the presence 

of simpler aromatics, e.g. mono and diaromatics over polyaromatics (Chin et al. 1994). The (highly 

significant) relationship of SUVA and salinity in the T9 - T6 region is a strong indicator of the decreasing 

terrestrial influence southwards.  The linear fit gives an intercept of 3.89 m2 (gC)-1 that stands for SUVA at nil 

salinity in the area, a value well within the range of SUVA values reported for several rivers (Neff et al. 2006; 

Spencer et al. 2008, 2009; Stedmon et al. 2011). The T3 and T4 samples having anomalously higher 

aCDOM(440) also have higher SUVA (0.99) with respect to this linear fit.  Higher SUVA values may not be the 

result of the lower levels of DOC but because of higher aCDOM(440) of the Godavari (and Krishna) waters due 

to their DOC being more aged and humified than the Ganga water.  The CDOM of the latter is considered 

more labile due to its origin from the temperate Himalayan catchment and younger as DOM extraction by 

weathering is more efficient (Derry & France-Lanord, 1996) due to the high elevation (3,892 m) at which the 

river originates. 

The slope ratio (SR) has been introduced as a proxy for DOM humification and for shifts in DOM 

molecular weights (Helms et al. 2008).  The SR values can be used to further classify the aCDOM(440) 

conservative group of samples, based on salinity.  In the T6 – T9 region significantly affected by R. Ganga 

influx, the CDOM molecular weight (MW) increased with dilution, i.e., northwards, which agrees with the 

fact that the river-delivered terrestrial organic matter is of larger size and greater humification than the in situ 

produced DOM (Helms et al. 2008; Loiselle et al. 2009; Chen et al. 2011). 

4.2.1. The DOC model - application to remote sensing 

The DOC model (Fig. 3c) explores the recently discovered highly significant relationship between S275−295 

and aCDOM(350)/[DOC].  The authors (Fichot and Benner 2011) claimed that DOC could be predicted with 

high accuracy using the relationship.  In the here presented model, aCDOM(440) was used instead of aCDOM(350) 

and the data size is smaller.  The relationship, by further observations, can perhaps be improved to become 

suitable for accurate retrieval of DOC in the Bay of Bengal. 
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4.3. Phytoplankton geographic regions 

Higher phytoplankton biomass (>5 mg m-3) has been reported in the northwestern coastal Bay of Bengal 

than in the southwestern coastal Bay of Bengal (<2 mg m-3) (Sarma et al. 2012).  The here presented data 

agree well with this earlier observation. Among the major pigments fucoxanthin and diadinoxanthin are 

marker pigments of diatoms (Zapata et al. 2006). Fucoxanthin as well as the fucoxanthin to chl a ratio are 

lower in several stations of the southern part (T1 –T5) compared to the northern part (T6 – T9) of the study 

area. Lower abundance of diatoms and higher abundance of non-diatom species e.g., chrysophytes and 

prymnesiophytes which have lower fucoxanthin (Gibb et al. 2001) and higher chl c3 in the cell (Delizo et al. 

2007) is interpreted. Similarly, zeaxanthin which is a marker pigment for cyanobacteria and also for 

chlorophytes and prochlorophytes (Delizo et al. 2007) has larger ratio with chl a in stations of the T1 - T4 

region than elsewhere.   

The marker pigment such as chl b to chl a ratios have been reported as valuable tool in identifying relative 

abundance of phytoplankton community in ocean waters (Descy et al. 2009).  The unique bimodal linear 

relationship of chl b with chl a (Fig. 5a) suggests that when fucoxanthin is lower, chl b is higher (particularly 

in T4 where chl b reached up to 0.31 mg m-3 from almost nil concentration), and this indicates a community 

shift from diatoms to chlorophytes, euglenophytes, prasinophytes or nanochlorophytes (that contain chl b) in 

all plankton size classes (Fig. 4b). The marker pigment for prochlorophytes namely DV chl a was found at 

only one station of the T1-T4 region.  It was not found generally perhaps due to the low filtration volume (300 

- 500 ml).A community shift from diatoms to prymnesiophytes and chrysophytes is to be inferred from the 

rise of 19'-Hex and 19'-But (up to 0.21 and 0.05 mg m-3 respectively from almost nil concentration), 

associated with the fall of fucoxanthin. 

The phytoplankton acclimate to the ambient hydro-chemical and hydro-optical conditions by regulating their 

accessory photosynthetic pigments (APSP) to accessory photo-protective pigments(APPP) stoichiometry as a 

key mechanism guiding photon energy transfer pathways (Eisner et al. 2003).  At chl a > 7 mg m-3(in T9 

transect), an abrupt increase in the slope of linear regression of chl a with APPP indicates the requirement for 

greater photo-protection to the algal cells.  The APPP fraction is positively and the APSP fraction negatively 

correlated to aph but these relationships hold true for only microplankton dominated regions (Fig. 5d).  No 

such relationship was found in the nano and picoplankton dominated regions.  Higher chl a concentration and 

larger cell size of the microplankton cells are responsible for better correlation. 

4.4. Absorption balance in different geographic environments 

The contribution of different components to aT was calculated and presented in Fig. 6.  The contribution of 

phytoplankton and CDOM absorption (aph and aCDOM) are higher in the microphytoplankton dominated region 

(Fig. 6a, 25.3 ± 11.0%) than the nano and picophytoplankton dominated region (Fig. 6b, 11.1 ± 6.8 %).The 

detrital matter spectral slope compares well with literature reports (Babin et al. 2003). The detrital absorption 
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coefficient (aD) is higher in the nano and picophytoplankton dominated region (38.2 ± 20.5 %). The shares of 

aph, aCDOM and aD have been reported to vary widely in the literature, e.g. for the coastal waters around Europe, 

Babin et al. (2003) observed them (aph, aCDOM, aD)to be 36%, 41% and 22% respectively.  On the other hand, 

Matsuoka et al. (2009) found very low aph with the aCDOM contributing ~85% of the total absorption in the 

Arctic waters.  In a recent study, Bowers et al. (2012), for the Malaysian waters facing the South China Sea, 

found about 30% contribution of aph to the total non-water absorption.  Absorption balance for regions based 

on phytoplankton size fractions is relatively less extensively studied (Babin et al. 2003; Bricaud et al. 2004; 

Barocio-Leon et al. 2006). The significant correlation of aD fraction to the aCDOM(440) fraction (Fig. 7) 

highlights the control that terrestrially derived particles exert on aCDOM(440) (Belanger et al. 2008; Matsuoka 

et al. 2009).  The eq. (10) and eq. (11) give scope for avoiding additional experimental procedure involved in 

the measurement of aD.  A close coupling of suspended particles, CDOM, and phytoplankton community 

structure is consistent with literature reports (Cunningham et al. 2003). 

4.5.  Chlorophyll a specific aph(440) of the geographic regions and application for remote sensing 

The aph:chl a ratio (a*ph(440)) is an indicator of in vivo absorption capacity of phytoplankton cells (Bricaud 

et al. 1995).  It is an important physiological parameter that can facilitate chl a estimation using remote 

sensing algorithms (Sathyendranath 2000), and is used in primary production models (Longhurst et al. 1995).  

The a*ph(440) model Eq. (12) agrees with earlier reports (Prieur and Sathyendranath 1981; Yentsch and 

Phinney 1989; Bricaud et al. 1995, 1998, 2004; Staehr and Markager 2004; Sasaki et al. 2005). The average 

a*ph(440) was found to be significantly lower for the microphytoplankton richer regions (0.0296 ± 0.01685 m2 

mg-1) than for the nanophytoplankton and picophytoplankton richer regions (0.0483 ± 0.0493 m2 mg-1).  Under 

laboratory culture conditions, a*ph(440) was found to be cell size dependent and lower for the larger algal cells 

(Fujiki and Taguchi 2002).  This agrees with field observations where high a*ph(440) and low pigment 

concentrations being generally associated with nano and picophytoplankton and vice versa (Yentsch and 

Phinney 1989; Sathyendranath et al. 1999; Stuart et al. 2000).  For the mixed populations of phytoplankton in 

natural samples, the size index (SI) is a reasonable proxy of average cell size of the algal population (Babin et 

al. 2003) that interacts with photosynthetically available radiation.  The a*ph(440) is significantly correlated 

negatively to SI in the nano and picoplankton richer regions (Fig. 8), but not in the microplankton richer 

regions.  In the larger sized diatoms and dinoflagellates the package effect is not only higher but also 

significantly variable, while in the tiny flagellates, prymnesiophytes etc the package effect is much smaller 

and less variable (Fujiki and Taguchi 2002).   

5. Conclusions: 

Contrasting optical and ecological conditions occur in the western Bay of Bengal. The CDOM 

characteristics namely aCDOM(440), S300-500, SUVA254, and SR are mainly influenced by the Ganga influx.  

Deviations from the general pattern occur in regions off R. Godavari and off smaller peninsular rivers 
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confined to a few coastal regions where CDOM of different absorption characteristics, e.g. higher SUVA254are 

introduced.  The phytoplankton community structure shows significant shifts.  The northern coastal Bay of 

Bengal that is closer to R. Ganga mouth is mainly populated by low absorbing (per unit chl a) 

microphytoplankton while the southern coastal Bay of Bengal, which is influenced by peninsular rivers is 

populated by less abundant but higher absorbing nano and picophytoplankton. This bio-optical signature is not 

correlated to the hydro-optical signature.  The traditional inverse power relationship for chl a with specific 

absorption coefficient of phytoplankton fails when nano and picophytoplankton constitute > 60% of the total 

phytoplankton, and gives place to a new inverse linear model. The non-water absorption balance between 

phytoplankton, detrital particles and CDOM is distinctly different for the two regions.  Hence, remote sensing 

algorithms addressed to deriving chl a, should consider the additional variable, i.e. dominance by 

microphytoplankton / nano and picophytoplankton for improved accuracy.   
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Captions of Figures 

Fig. No. Caption 

1 Study area. 

2 Concentration contours of (a) Salinity, (b) chlorophyll a (mg m-3), (c) SPM(mg l-1), (d) 

aCDOM( 440) (m-1), (e) Spectral slope (nm-1), (f) DOC (µM). 

3 Scatter plots of dissolved constituents: (a) aCDOM(440) vs. salinity, (b) S300-500 vs. 

aCDOM(440), (c) S275-295vs. aCDOM(440):DOC ratio, (d) SUVA vs. salinity, and (e) SR vs. 

salinity. The open circles are not included in linear regression models. In 3a and 3b, they 

are of T3 and T4, in 3b of coastal stations, and in 3e of T5-T9. 

4 Distribution of (a) chl a and phytoplankton size groups, and (b) some pigments 

(fucoxanthin, chl b and 19'-Hex) in mg m-3at all stations. The x-axis shows sequencially the 

eight stations of each of the nine transects (T1-T9) in 25 m - 1000 m isobaths.  The break in 

T6 and T7 is because their 750 m isobath samples were not available. 

5 Plots of (a) chl b vs. chl a, (b) SPM vs. aD of the microphytoplankton dominated region, (c) 

a*ph(440) vs. chl a, and (d) APSP and APPP fractions vs. aph(440). Open circels in 5a are 

for samples of T8, T9, and a few coastal stations of other transects richest in  micro 

plankton. 

6 Absorption balance in regions dominated by (a) Microphytoplankton, and (b) Nano & 

Picophytoplankton.  

7 Plot of aCDOM(440) fraction vs. aD(440) fraction. 

8 Plot of phytoplankton size index (SI) vs.  a*ph(440). 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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