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Strong seasonal upwelling, downwelling, changes in current patterns and the volume of freshwater discharge
from Cochin Estuary defines the coastal waters off Cochin. These coastal waters were investigated through
monthly sampling efforts during March 2015 to February 2016 to study the seasonal and spatial variability
in bio-optical properties for the four different seasons mainly Spring Inter Monsoon (SIM), South West Monsoon (SWM), Fall Inter Monsoon (FIM) and Winter Monsoon (WM). The Barmouth region is the meeting place
where freshwater from Cochin Estuary directly enters to the sea through a single narrow outlet, was dominated by highly turbid waters during the entire period of study. Among the four seasons, chlorophyll a (Chl_a)
 3 with an average value of
concentration showed a high value during SWM, ranged from 2.90 to 11.66 mg m−
 3
6.56 ± 3.51 mg m−
. During SIM the distribution of coloured dissolved organic matter (CDOM) is controlled by
decomposition of phytoplankton biomass and the river discharge, whereas during SWM the temporal distribution
of CDOM is controlled only by river discharge. The highest value for CDOM spectral slope (SC DOM) was observed
 1 with an average value of 0.015 ± 0.002 nm−
 1. During WM,
during SWM, ranged from 0.013 to 0.020 nm−
the high SC DOM with lower aC DOM (443) indicates the photo-degradation affects the absorption characteristics of
CDOM. The observed nonlinearity between Chl_a and the ratio of phytoplankton absorption ap h (443)/ap h (670)
indicating the packaging effect and changes in the intercellular composition of pigments. During the study period, ap h (670) was strongly correlated with Chl_a than ap h (443), which explains the accessory pigment absorption dominating more than Chl_a in the blue part of the spectrum. Similarly, the results obtained from seasonal
bio-optical data indicating that Chl_a significantly contributes light attenuation of the water column during SIM,
whereas detritus (ad ) significantly contributes light attenuation during SIM and WM. During the study period,
the relative absorption of detritus materials dominates the relative absorption of phytoplankton and CDOM at
443, 555 and 670 nm wavelengths.

1. Introduction

The coastal oceans are among the most dynamic environments, covering around 8% of the surface area of the globe, 15% of the global biological production, 80% of the global organic burial and around 75–
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90% of the global sink of suspended river load (Tilstone et al., 2012;
Bauer et al., 2013; Loisel et al., 2013). However, these dynamic systems
are now affected by harmful algal blooms, eutrophication and climate
change (Shanmugam 2011; Davidson et al., 2014; Blondeau-patissier
et al., 2014). Therefore, it is necessary to monitor the coastal oceans
on a synoptic scale to observe the changes caused by the environment as well as human interventions (Mélin and Vantrepotte,
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the effects of optically active components at a coastal site off Cochin, reported that Chl_a is the major light absorbing component and described
the main source of CDOM as terrestrial during SWM. Recently, Minu et
al. (2016) evaluated the performance of the six bio-optical algorithms to
retrieve Chl_a at off Cochin and concluded that the performances of the
tested algorithms were found inadequate in the near coastal waters.
To improve the retrieval accuracy of ocean colour components requires a detailed understanding of the mechanisms that regulate the
variability of optically active components. Using the in-situ bio-optical
data from the coastal waters off Cochin, we examined the seasonal variability of the phytoplankton absorption coefficient, coloured dissolved
organic matter absorption coefficient, detritus matter absorption coefficient, chlorophyll a, total suspended matter, and diffuse attenuation
coefficient. Our bio-optical data representative of the four different seasons namely Spring Inter Monsoon (SIM; March-May), South West Monsoon (SWM; June-September), Fall Inter Monsoon (FIM; October-November) and Winter Monsoon (WM; December-February) were assessed
during the present study. Thus, the focus of this study is to characterize
the optically active constituents and cause of seasonal and spatial variability of the bio-optical properties along the coastal waters off Cochin.
The specific objectives of this study are (1) to characterize the seasonal and spatial variability in the absorption components and its relationship with physical and biogeochemical variables along the coastal
waters off Cochin and explore the source characterization of CDOM. (2)
to study the seasonal and spatial variability in phytoplankton absorption coefficient and specific absorption coefficient and its relation with
Chlorophyll a concentration and (3) to understand the seasonal variability in the relative contribution of bio-optical components.
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2015), which is possible through the remote estimation of ocean colour
components. The retrieval of Inherent Optical Properties (IOPs − absorption and scattering) from remote sensing reflectance are well documented for the clear oceanic waters and a few for the coastal waters
(Brewin et al., 2012; Bélanger et al., 2013; Zheng et al., 2014; Siegel
et al., 2013; Knaeps et al., 2015; Dogliotti et al., 2015). Therefore, to
improve the ocean colour estimates, it is essential to develop the robust regional algorithms for the coastal waters. An accurate estimation
of ocean colour of bio-optical variables in the complex coastal waters is
still a challenging task (Gokul et al., 2014). The bio-optical properties of
the coastal water bodies are understudied (Tilstone et al., 2013; Ferreira
et al., 2014) due to the optical complexity of the waters. Understanding the spatiotemporal variability of bio-optical properties in the coastal
water bodies is essential to studies concerned with the upper ocean biogeochemical processes as well as the condition of the ecological environment. However, it required more efforts to characterize the bio-optical properties of coastal waters (Devred et al., 2013; Garaba et al., 2014;
Mouw et al., 2015; Han et al., 2016). The coastal waters are influenced
not only by phytoplankton and its byproducts, but also by other optically active substances (Moore et al., 2014; Barnes et al., 2014; Zhang
et al., 2014a, 2014b; Sun et al., 2014) that vary independently of phytoplankton, like particles in suspension and CDOM (Blondeau-patissier
et al., 2017; Menon et al., 2011; Tilstone et al., 2012; Brezonik et al.,
2015; Pérez et al., 2016). CDOM is a part of the dissolved organic carbon (DOC) pool composed essentially fulvic and humic acid (Tiwari
and Shanmugam, 2011; Organelli et al., 2014; Xing et al., 2014). It
plays a significant role in underwater light attenuation and photochemically mediated biogeochemical processes in the clear and coastal waters (Nelson et al., 2010; Campanelli et al., 2017). The critical sources
of CDOM in coastal waters are river discharge, upwelled bottom water
and biological origins such as decomposition of phytoplankton, bacterial
degradation, and photodegradation of other organic matter (Mannino et
al., 2014). The spectral signature of detritus or non-algal particles can
significantly alter the colour of coastal ocean (Zhang et al., 2014a,b).
The retrieval of detritus substances is complicated due to the different
types of organic and inorganic particles. (Zhang et al., 2014a,b; Riddick
et al., 2015). Knowledge on the phytoplankton absorption (ap h) spectra in seawater are necessary for modeling underwater light availability, primary productivity, and even for studying mixed layer dynamics
(Zhai et al., 2011; Varunan and Shanmugam, 2015; Uitz et al., 2015).
However, the penetration of light into the water column is necessary
for understanding photosynthesis, optical bathymetry and photochemical process involved in the biogeochemical cycling of various elements.
Bio-optical studies reported along the coastal waters of South Eastern Arabian Sea (SEAS) are scarce due to lack of bio-optical measurements. The optically active constituent of SEAS, particularly the coastal
waters off Cochin have only recently been studied (Minu et al., 2014;
Shaju et al., 2015; Minu et al., 2016) and the in-situ bio-optical data
available are meager (Menon et al., 2011). Menon et al. (2006) studied the variability of remote sensing reflectance (Rr s) along the coastal
and northeastern waters of Arabian Sea and reported that CDOM is one
of the significant optical constituents making the area optically complex. Tilstone et al. (2013) reported that Chl_a was maximum during
SWM and evaluated the performance of 3 MODIS-Aqua algorithm along
coastal shelf waters of eastern Arabian Sea. Seasonal variability of the
bio-optical properties along the coastal waters of Cochin is complex
and affected by various physical processes and seasonal monsoon. On
the other hand, knowledge of the processes responsible for variation
in bio-optical properties is a necessary basis for understanding remote
sensing data from this area. Sravanthi et al. (2013) have been found
a significant correlation (R2 = 0.62) between the in-situ Surface Sediment Concentration (SSC) and retrieved SSC from Oceansat-2 along the
coastal waters off Cochin. This study further found a high concentration of SSC (>20 mg/l) in the onshore waters and minimum (< 2 mg/
l) was observed towards the offshore region. Minu et al. (2014) studied

2. Data and methods
2.1. Study area

Cochin Estuary is one of the largest estuarine systems in the south
west coast of India, which Joins to the Arabian Sea at two main regions,
(i.e., Cochin and Azhikode). The width of Cochin inlet is about 450 m,
and Azhikode has a narrow width of 250 m respectively. Due to anthropogenic activity, Cochin estuary receives 1.04 × 105 m3 of untreated industrial effluents and 260 m3 of domestic or sewage wastes, which alters the bio-geochemical properties of coastal water off Cochin (Gupta
et al., 2016; Sudheesh et al., 2016). The coastal waters off Cochin in
SEAS is typical optically complex Case 2 water (Minu et al., 2014).
During WM and SWM, seasonally changing West India Coastal Current,
(WICC) flowing northward and southward influence the oceanography
of coastal waters of SEAS. During SWM coastal waters off Cochin experience significant upwelling and vertical mixing leading to high primary productivity and high suspended sediment concentration (George
et al., 2013; Gupta et al., 2016; Shynu et al., 2017). The SIM and
FIM exhibit a transitional condition between two monsoons. During
WM, the northerly current brings low saline water originating from the
Bay of Bengal, which enhances stratification in the upper water column of SEAS. Fig. 1 shows the surface current vectors for SIM, SWM,
FIM and WM averaged for the year 2015–2016 and map of locations
of sampling stations along the coastal waters off Cochin. Surface water samples were collected from four stations with bathymetric variations. The station B1 (09° 58.178′ N, 76° 13.328′ E) is located at Barmouth having a depth of 10 m. The Barmouth region is the meeting
place where freshwater from Cochin estuary enters into the sea through
a single narrow outlet. The Station B2 (09° 58.976 N', 76° 10.117′ E)
has a bathymetric depth of 10 m. The station B3 (09° 58.97′ N, 76°
06.149′ E) has a bathymetric depth of 20 m and station B4 (09° 58.523
N', 76° 02.747′ E) has a bathymetric depth of 30 m which is the farthest station located from the coast. These stations cover the waters
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Fig. 1. Surface current vectors for Spring Inter monsoon (SIM), South West Monsoon (SWM), Fall Inter Monsoon (FIM) and Winter Monsoon (WM) averaged for the year 2015–2016 (Left)
and map of locations of sampling stations along the coastal waters off Cochin (Right).

tion, filtration unit was thoroughly cleaned with distilled water and further rinses with 10% HCl followed by copious rinses with distilled water. The filtered samples were allowed to reach the ambient room temperature to avoid the temperature difference between samples and the
blank. The absorbance of the filtrate was measured in 10 cm cuvettes
on a Shimadzu UV–vis 2700 spectrophotometer (400–700 nm) against
blank of Milli-Q water. The samples cuvettes and reference cuvettes
were rinsed with Methanol, 10% HCl and Milli-Q water. Milli-Q water
has been used as reference sample.
 1) at each waveThe CDOM absorption coefficients (aC DOM (λ) m−
length were computed from the measured absorbance (AC DOM) or optical density (ODC DOM) resulting from the difference between the sample
absorbance and the reference absorbance (Ferrari et al., 1996), and lc as
path length of the cuvette (here 0.1 m).
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influenced by a seasonal change in freshwater input, upwelling and
other physical properties and the associated change in the biological
production (Gupta et al., 2016; George et al., 2013).
2.2. In-situ measurements

Monthly cruises were conducted onboard trawler Santa Cruz for one
year from March 2015 to February 2016 along the coastal waters off
Cochin to study the bio-optical characteristics. Surface water samples
were collected from each stations using a 2.5 l (General Oceanic, USA)
Niskin water sampler. All filtration was done under subdued light conditions, and analyses were done immediately after filtration. Salinity
was measured using a hand-held Refractometer (Atago, S/Mill − E,
Japan). pH measurement was made using a portable pH meter (Perkin
Elmer, accuracy, ±0.01) and the meter was calibrated with standards of
certified values of pH corresponding to 4, 7 and 10. Dissolved oxygen
was measured according to Winkler's titration methods recommended
by (Grasshoff et al., 1983). CDOM absorption coefficients (aC DOM), particulate absorption coefficient (ap ) and detritus (ad ) for surface water samples were measured using Shimadzu UV–vis spectrophotometer
UV-2700. Radiometric measurements were also made, and processing
protocol described later in this study.

(1)

The spectral absorption coefficient for CDOM can be expressed by a
single exponential model (Kowalczuk and Kaczmarek, 1996)
aC DOM (λ) = aC DOM (λr ) exp [-SC DOM (λ- λr )]

(2)

where SC DOM is the spectral slope coefficient of aC DOM spectrum and
λr is the reference wavelength at 440 nm. SC DOM was calculated as the
slope of the curve resulted by plotting the logarithm of aC DOM spectrum against wavelength (λ). CDOM spectral characteristics and its spectral slope is typically indicative of the CDOM chemical composition
(Stedmon and Markager, 2003). The absorption coefficients were corrected for backscattering of small particles and colloids, which pass
through filters (Green and Blough, 1994)

2.2.1. In-situ chlorophyll a
Surface water samples (one to three liters) were collected from
each station using Niskin bottles and samples were immediately transported to the laboratory for further analysis. Water samples were filtered through 0.7 mm Whatman glass fiber filter (GF/F) paper under
low vacuum (200 mm Hg/vac) and kept in acetone of 90% concentration at 0 °C for 24 h at dark for the complete extraction. The extracted solution centrifuged for 10–15 min and the solvent is used to
estimate Chl_a concentration using Turner 10 AU fluorometer using
Welschmeyer kit (Welschmeyer, 1985) which is calibrated with sigma
Chl_a standards.

aC DOM_corr (λ) = aC DOM (λ) − aC DOM (700) * (λ/700)

(3)

2.2.3. Phytoplankton and detritus absorption
The light absorption properties of the particulate matter, phytoplankton (pigment material) and detritus material (non-pigmented material) measured by the quantitative filter technique (QFT) method
(Greg Mitchell and Holm-Hansen, 1991). The surface water samples
collected from four different stations were immediately transported to
the laboratory and filtered under low vacuum through 0.7 mm Whatman GF/F glass fiber filters. The absorption spectra of total particulate matter relative to a blank filter saturated with sea-water filtered
through 0.2 mm filter paper were recorded in the wavelength range
400–750 nm at a resolution of 1 nm with a Shimadzu UV-2700 double-

2.2.2. CDOM absorption
Surface water samples for the measurement of CDOM concentration were collected from each station using Niskin bottles and samples
were collected in acid-washed, pre-combusted amber coloured borosilicate glass bottles. The bottles are rinsed thrice with the sample before
the final collection and stored at 4 °C. Samples collected were immediately transferred to the laboratory at 4 °C and filtered through 0.2 mm
cellulose nitrate filter paper under low vacuum to remove particulate
and suspended sediment materials from the water samples. Before filtra
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beam spectrophotometer equipped with an integrating sphere. For each
of the measured spectra, the optical density at 750 nm was subtracted
from that of the entire spectrum. Optical density of the total suspended
matter was corrected for the path length amplification (β effect) and
converted into light absorption coefficients by total particulate matter and detritus matter (ap (λ) and ad (λ)) respectively according to
(Cleveland and Weidemann, 1993; Kyewalyanga et al., 1998) as follows:

meter, averaged over the depth range from just below the sea surface,
 , to depth z in meters.
0−
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2.2.5. Total suspended matter concentration
Suspended sediments (SS) refers to small solids particles which remain in suspension in water as a colloid or due to the motion of the
water. It is used as an indicator of water quality. Total Suspended Matter (TSM) concentration was determined gravimetrically as per the procedure of (Strickland and Parsons, 1972). Seawater samples collected
were filtered through pre-weighted Whatman GF/F glass microfiber filter (0.7 μm; 47 mm) pre-combusted at 450 °C. After the filtration, the
filter paper was dried at 60° for 24 h in a clean oven and subsequently
reweighed with at least four digits of precision to calculate the correct
TSM in mg/L. TSM was then calculated by using the equation:

(4)
[ODp] S (λ) = 0.378 ODf (λ) + 0.523 [ODf (λ)] 2

(5)

where [ODp]S (λ) is the optical density of total suspended particulate
matter, V is the filtration volume (m3 ) and S is the filtration area (m2 ).
The coefficients 0.378 and 0.523 are the path length amplification factor caused by multiple scattering in the glass fiber filter.
Following the measurement of the total particulate absorption spectrum, the filters were extracted in 100% methanol following the procedure of (Kishino et al., 1985) and then saturated with filtered seawater
and detritus absorption of the filters was measured. These spectra represent absorption by non-methanol-extractable detritus

(8)

where A is the final dried weight of the filter in milligram, B is initial
weight of the filter in milligrams, and C is the volume of water filtered
in litres.
2.2.6. Seasonal variability in water quality parameters along the coastal
waters off Cochin
Table 1 presents the variability in water quality and optical properties during SIM, SWM, FIM and WM along the coastal waters off
Cochin. The Barmouth region (B1 station) was influenced by freshwater discharge from Cochin estuary during SWM (Gupta et al., 2016;
Sudheesh et al., 2016) and accordingly in our study, salinity showed a
lower value at B1 station ranged between 13.43–31.62 (psu) with an average value of 22.53 ± 12.87 (psu) during SWM and similarly salinity
showed a higher value at B3 station ranged between 33.62–34.53 (psu)
with an average value of 33.93 ± 0.52 (psu) during WM. The value of
pH was higher at B4 station varied from 8.2 to 8.3 with an average
value of 8.25 ± 0.07 during FIM and showed a lower value at B1 station varied from 7.5 to 7.7 with an average value of 7.57 ± 0.12 during SIM. The dissolved oxygen concentration showed a higher value at
B4 station ranged from 6.4 to 7.4 (mgO2 /l) with an average value of
6.9 ± 0.71 (mgO2 /l) and showed a lower value at B3 station ranged between 1.35–7 (mgO2 /l) with an average of 4.18 ± 3.99 (mgO2 /l) during SWM. The coastal water off Cochin is highly productive during
SWM due to coastal upwelling (Sudheesh et al., 2017). Thus during our
study, a higher value of Chl_a concentration ranged from 6.40 to 11.65
 3) found at station B3 with an average value of 9.03 ± 0.71
(mg m−
 3
(mg m−
) during SWM and showed a lower value at B4 station ranged
 3
from 0.337 to 1.57 (mg m−
) with an average value of 0.916 ± 0.620
−

3
(mg m ) during SIM. TSM showed a higher value at station B1 ranged
from 39.4 to 100 (mg/l) with an average value of 64.09 ± 31.83 (mg/
l) during WM, and showed a lower value at station B4, ranged from
0.7 to 34 (mg/l) with an average value of 14.23 ± 17.50 (mg/l) during SIM. The value of ap h (443) was higher at station B1 ranged from
 1) with an average value of 0.106 ± 0.064 (m−
 1)
0.055 to 0.177 (m−
during SIM and lower value at station B3 ranged from 0.009 to 0.028
 1) with an average value of 0.019 ± 0.013 (m−
 1) during FIM. Equiv(m−
alently, ad (443) showed a higher value at B1 station ranged from
 1) with an average value of 0.75 ± 0.99 (m−
 1) dur0.051 to 1.45 (m−
ing FIM and showed lower value at station B4 ranged from 0.011 to
 1) with an average value of 0.028 ± 0.015 (m−
 1) during SIM.
0.037 (m−
The aC DOM (443) showed a higher value at B1 station ranged from 0.07
 1) with an average value of 0.13 ± 0.09 (m−
 1) during
to 0.194 (m−
SWM and showed a lower value at B4 station ranged from 0.01 to 0.07
 1
 1
(m−
) with an average value of 0.035 ± 0.031(m−
) during WM. Similarly, SC DOM showed a higher value at B1 station ranged from 0.016
 1) with an average value of 0.018 ± 0.002 (nm−
 1) durto 0.020 (nm−
ing SWM and showed a lower value at B4 station ranged from 0.004 to
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(6)

Where [ODd]S (λ) is calculated using the same equation as above. The
term V and S stand for the filtration volume (m3 ) and filtration area (m2 )
respectively.
An estimate of phytoplankton component of the total particulate absorption (ap h(λ)) was then determined by subtracting ad (λ) from ap (λ)
(Kishino et al., 1985)
(7)

The chlorophyll-specific phytoplankton absorption coefficients (a*p h
(λ)) were obtained by normalizing ap h (λ) to the Chl_a concentration
measured by fluorometer.
2.2.4. Diffuse attenuation coefficient (Kd )
Monthly radiometric properties were measured during 2015–2016
along the Coastal Waters off Cochin. In-water measurements of spectral upwelling radiance (Lu ) and spectral downwelling irradiance (Ed )
were obtained using a Satlantic™ hyperspectral free fall optical profiler (hyperspectral radiometer (HyperOCRII)) in the wavelength range
of 350–800 nm. In-air surface radiance (Es ) was measured using a deck
reference sensor mounted on the top of the ship to avoid shadowing effects during the cast. The radiometer was deployed away from the vessel
to avoid ship-induced perturbations and shading (Fargion and Mueller,
2000). The data were recorded using SatView™ software and processed
with Prosoft ™ software 7.7.16. When the tilt of the sensor was more
 1, the data were
than 5° or the profiling velocity was more than 0.5 ms−
discarded to ensure the quality of the measurements. The Kd results
were used wherever the data were available, and we admit here that at
some stations we could not operate the instrument due to the technical
issues. We do not have Radiometer data for May 2015 in SIM. During
SWM and FIM no Kd value at B1 station for August and November 2015.
During WM no Kd value at B2 station in December 2015.
Diffuse attenuation coefficient (Kd (λ)) was calculated from the relative variation of the downwelling irradiance Ed (λ, z) with depth z. The
attenuation of spectral downwelling irradiance Ed (λ, z) in units of mW
 2 nm−
 1 at wavelength λ, is governed by the Beer-Lambert Law:
cm−
Ed(λ,z) = Ed(λ,0 − )×e − Kd[λ,z]zwhere Kd (λ,z) is expressed in per unit

4

F
O
O
R
P

Table 1
The water quality and optical properties (average ± standard deviation) during Spring Inter Monsoon, South West Monsoon, Fall Inter Monsoon and Winter Monsoon along the coastal waters off Cochin.

D
E
T
C
E
R
R
O
C
N
U

Seasons

Stations

Salinity (psu)

pH

DO(mgO2 /l)

 3)
Chl_a(mg m−

TSM(mg/l)

 1)
ap h443(m−

 1)
ad 443(m−

 1)
aC DOM443(m−

 1)
SC DOM(nm−

SIM

B1
B2
B3
B4
B1
B2
B3
B4
B1
B2
B3
B4
B1
B2
B3
B4

29.77 ± 1.49
32.63 ± 1.18
33.56 ± 0.29
33.79 ± 0.44
22.53 ± 12.87
31.25 ± 1.85
31.04 ± 2.64
32.33 ± 1.09
27.85 ± 4.28
33.15 ± 0.32
32.94 ± 1.40
33.28 ± 0.58
33.06 ± 0.45
33.55 ± 0.32
33.93 ± 0.52
33.95 ± 0.52

7.57 ± 0.12
7.7 ± 0.2
7.67 ± 0.31
7.67 ± 0.38
8 ± 0.29
7.95 ± 0.08
8.05 ± 0.07
8.15 ± 0.07
7.85 ± 0.22
8.15 ± 0.07
8.1 ± 0.15
8.25 ± 0.07
7.87 ± 0.41
8 ± 0.27
8.07 ± 0.16
8.24 ± 0.06

5.87 ± 0.47
5.36 ± 1.81
4.8 ± 1.39
6.29 ± 0.65
5.2 ± 1.69
4.9 ± 2.41
4.18 ± 3.99
6.9 ± 0.71
4.8 ± 1.14
6 ± 0.57
6.1 ± 0.43
6.3 ± 0.15
6.4 ± 0.4
6.14 ± 1.0
6.47 ± 0.31
6.82 ± 0.03

4.57 ± 1.47
1.63 ± 0.91
0.89 ± 0.87
0.92 ± 0.62
3.74 ± 1.17
7.43 ± 5.98
9.03 ± 3.72
6.07 ± 2.31
1.81 ± 0.42
1.12 ± 1.05
0.68 ± 0.36
0.83 ± 0.54
3.05 ± 2.09
1.98 ± 1.64
0.94 ± 0.55
0.91 ± 0.48

12.67 ± 6.03
15.67 ± 18.91
13.97 ± 14.16
14.24 ± 17.51
19.5 ± 0.71
17 ± 1.42
9.92 ± 7.66
14.07 ± 10.28
29.33 ± 10.37
15.55 ± 7.71
20.5 ± 7.78
10.1 ± 1.56
64.09 ± 31.83
46.29 ± 20.59
29.15 ± 14.67
30.53 ± 7.29

0.106 ± 0.064
0.057 ± 0.064
0.027 ± 0.013
0.030 ± 0.002
0.066 ± 0.017
0.113 ± 0.066
0.106 ± 0.040
0.108 ± 0.034
0.083 ± 0.090
0.027 ± 0.009
0.019 ± 0.013
0.021 ± 0.010
0.076 ± 0.028
0.072 ± 0.033
0.044 ± 0.008
0.036 ± 0.032

0.28 ± 0.08
0.15 ± 0.09
0.054 ± 0.043
0.028 ± 0.015
0.44 ± 0.35
0.23 ± 0.11
0.18 ± 0.05
0.16 ± 0.03
0.76 ± 0.99
0.080 ± 0.003
0.031 ± 0.023
0.034 ± 0.004
0.49 ± 0.11
0.52 ± 0.51
0.11 ± 0.06
0.083 ± 0.071

0.14 ± 0.01
0.064 ± 0.059
0.039 ± 0.019
0.029 ± 0.002
0.14 ± 0.09
0.11 ± 0.01
0.09 ± 0.01
0.11 ± 0.006
0.12 ± 0.08
0.088 ± 0.054
0.031 ± 0.007
0.031 ± 0.007
0.065 ± 0.025
0.040 ± 0.01
0.032 ± 0.033
0.035 ± 0.031

0.014 ± 0.002
0.01 ± 0.005
0.011 ± 0.005
0.01 ± 0.001
0.018 ± 0.002
0.014 ± 0.001
0.015 ± 0.002
0.013 ± 0.001
0.017 ± 0.002
0.014 ± 0.001
0.013 ± 0.004
0.013 ± 0.001
0.016 ± 0.001
0.012 ± 0.001
0.009 ± 0.001
0.008 ± 0.004

SWM

FIM

WM
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 1) with an average value of 0.008 ± 0.004 (nm−
 1) during
0.011 (nm−
WM.

aC DOM (443), and TSM (Table 2). During SWM period aC DOM (443) and
Chl_a showed an increasing trend from B1 station to B4 station which
could be due to the high nutrients brought about by upwelling process
associated with SWM. (Tilstone et al., 2013). Among the four seasons,
Chl_a concentration was higher during SWM in all the stations except
Barmouth. During FIM a significant relationship was found between
Chl_a vs aC DOM (443) with an R2 value of 0.68, while during WM, no
significant relationship was found between Chl_a, aC DOM (443) and TSM.
During the entire period of the study (seasonally and spatially), a weak
relationship existed between Chl_a and TSM as well as TSM and aC DOM
(443) which could be due to the large contribution of inorganic particles
in the total suspended matter discharged from Cochin estuary (Sudheesh
et al., 2016).

3. Results and discussion
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3.1. Seasonal variability in absorption components
The samples were collected from four different seasons namely SIM,
SWM, FIM, and WM to analyse the seasonal variability in bio-optical parameters. To incorporate the spatial variation, samples were collected from different bathymetric regions. The Barmouth region was
dominated with highly turbid waters during the entire period of study.
This study shows a high variability in absorption components along the
coastal waters off Cochin. Chl_a concentration and aC DOM (443) showed
higher values during SWM, where Chl_a concentration varied from 2.91
-3
 3
to 11.66 mg m−
with an average value of 6.57 ± 3.52 mg m and
 1
aC DOM (443) varied from 0.066 to 0.185 m−
with an average value of
 1
0.107 ± 0.035 m−
. TSM concentration was higher during WM, ranged
between 19.23–100 mg/l with an average value of 42.52 ± 22.99 mg/
l. To understand the variability of optically active components (i.e.,
Chl_a, aC DOM (443), and TSM) data were plotted against each other
for the different seasons SIM, SWM, FIM, and WM as shown in (Fig.
2). The regression coefficient derived between Chl_a, absorption by
CDOM at 443 and TSM during SIM, SWM, FIM and WM are summarized in (Table 2). It was found that during SIM a significant relationship exists between Chl_a and aC DOM (443) (R2 = 0.73, Table 2).
Whereas, a poor relationship was observed between Chl_a vs TSM and
TSM vs aC DOM (443) with an R2 value of 0.09 and 0.23 (Table 2).
During SWM, no significant relationship was observed between Chl_a,

3.2. CDOM absorption and source characterization
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Fig. 3 presents frequency distributions of the SC DOM overlaid with
normal distribution curve. The value of SC DOM varied from 0.003 to
 1
0.020 nm−
, its apparently shows SC DOM was highly distributed be 1
tween the range of 0.012–0.014 nm−
. The statistics of aC DOM (443)
and SC DOM during SIM, SWM, FM, and WM are shown in Table 3. During SIM, average values of salinity and SC DOM was 32.43 ± 1.86 psu
 1 respectively. Salinity was high (34.46 psu)
and 0.012 ± 0.004 nm−
at B4 station and low (13.43 psu) at B1 station, whereas SC DOM was
 1) at B1 station and minimum (0.004 nm−
 1) at
maximum (0.020 nm−
B4 station. During SWM, salinity and SC DOM varied with an average
 1 respectively. During
value of 29.28 ± 6.55 psu and 0.015 ± 0.003 nm−
SWM, the inverse relationship between salinity and SC DOM were shown
with maximum salinity (33.10 psu) at B1 station and minimum SC DOM

Fig. 2. Scatter plot showing the relationship (a) Chl_a and aC DOM (443) (b) Chl_a and TSM (c) TSM and aC DOM (443). The colour with Red, Blue, Green and violet symbols represents
seasons symbols ‘ + ’ indicates SIM season, ‘□’ indicates SWM season, ‘○’ indicates FIM season and ‘Δ’ indicates WM season respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
Table 2
Regression coefficient derived between Chlorophyll a, absorption by CDOM at (443) and Total Suspended Matter during Spring Inter Monsoon, South West Monsoon, Fall Inter Monsoon
and Winter Monsoon along the coastal waters off Cochin.
Seasons
SIM

FIM
WM

Parameters

R2

n

Regression type

Slope

Intercept

Chl_a vs aC DOM (443)
Chl_a vs TSM
TSM vs aC DOM (443)
Chl_a vs aC DOM (443)
Chl_a vs TSM
TSM vs aC DOM (443)
Chl_a vs aC DOM (443)
Chl_a vs TSM
TSM vs aC DOM (443)
Chl_a vs aC DOM (443)
Chl_a vs TSM
TSM vs aC DOM (443)

0.73
0.09
0.23
0.19
0.16
0.05
0.68
0.26
0.13
0.11
0.39
0.05

12
12
12
8
8
8
8
8
8
12
12
12

Linear
Power
Power
Power
Linear
Power
Linear
Power
Power
Linear
Linear
Linear

0.024
6.67
0.027
0.153
−0.225
0.001
0.061
17.12
0.013
0.006
0.041
0.0002

0.018
0.417
0.285
−0.225
9.96
0.087
−0.005
0.360
0.501
0.033
−0.029
0.032
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tion. The scatter plot and logarithmic regression between aC DOM (443)
vs. SC DOM during SIM, SWM, FIM, and WM are shown in (Fig. 5). During SIM a significant relationship was observed between aC DOM (443)
and SC DOM with an R2 value of 0.61 and no significant relationship was
observed among SWM, FIM, and WM. The absorption by SC DOM depends both on the wavelength intervals used for fitting and the fitting
method (Nima et al., 2016). During WM (Fig. 5d), it was observed that
 1 was lower corresponding to the higher
the values of aC DOM (443) m−
−

1
SC DOM (nm ). This could be due to the photo-bleaching of dissolved organic matter, where high molecular weight compounds are converted to
low molecular weight compounds by the action of incoming solar light
(Matsuoka et al., 2015). When considering spatially, the relationship between Chl_a and aC DOM (443) was linearly correlated at the surface layers of B3 and B4 station with an R2 value of 0.59 and 0.66 respectively.
It indicates that the origin of CDOM was from the degradation of phytoplankton biomass at the station away from the coast. This relationship
has been reported in many of the coastal waters and lakes (Tilstone et
al., 2013; Riddick et al., 2015). However, this relationship does not exist
in the surface waters of B1 and B2 station, because of those stations with
their proximity to the estuary, receives a significant amount of riverine
discharge, which contributes to the CDOM content in these waters. During the entire period of the study, it was observed that SC DOM decreased
from Barmouth station to the offshore regions. The relative increase of
SC DOM in B1 station could be due to the freshwater discharge from the
Cochin estuary.
The linear regression results between Salinity versus aC DOM (443)
during SIM, SWM, FIM, and WM are shown in the (Fig. 4). During
SIM a significant relationship existed between aC DOM (443) and salinity (R2 = 0.81, Fig. 4a) as well as aC DOM (443) and Chl_a (R2 = 0.73,
Table 2) which indicates that both freshwater inputs and breakdown of
phytoplankton cells determines the spatial distribution of aC DOM (443).
During SWM, a significant relationship existed between aC DOM (443)

Fig. 3. Frequency distribution curve of SC DOM of the CDOM absorption spectrum.
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 1
(0.013 nm−
) at station B4. The average value of salinity and SC DOM
 1 was observed during FIM.
31.80 ± 2.98 psu and 0.015 ± 0.003 nm−
Again an inverse relationship was found between the salinity and SC DOM,
whereas at station B3 with maximum salinity (33.93 psu) coincides
 1) and the minimum salinity (24.82
with minimum SC DOM (0.009 nm−
 1). Durpsu) at station B1 with maximum value of SC DOM (0.015 nm−
ing WM, average salinity was 33.62 ± 0.545 psu, SC DOM was highly vari 1. Salinity
able during WM with a mean value of 0.012 ± 0.005 nm−
showed higher value (34.53 psu) at B3 station and lower value (32.54
 1)
psu) at B1 station, whereas SC DOM showed higher value (0.020 nm−
−

1
at B1 station and lower value (0.003 nm ) at B4 sta

Table 3
Maximum, Minimum, Mean and standard deviation of absorption by CDOM 443 and CDOM slope for Spring Inter Monsoon, South West Monsoon, Fall Inter Monsoon and Winter Monsoon
along the coastal waters off Cochin.
 1)
aC DOM 443 (m−

SIM
SWM
FIM
WM

 1)
SC DOM (nm−

MAX

MIN

MEAN

STD

MAX

MIN

MEAN

STD

0.143
0.185
0.163
0.077

0.009
0.067
0.026
0.009

0.066
0.107
0.064
0.042

0.051
0.035
0.051
0.026

0.016
0.019
0.018
0.020

0.003
0.013
0.009
0.004

0.012
0.014
0.014
0.012

0.004
0.002
0.002
0.005

Fig. 4. Scatter plot and linear regression b/w Salinity vs aC DOM (443), (a) for SIM and SWM (b) for FIM and WM. SIM: aC DOM (443) = −0.0243 [salinity] + 0.8532 R2 = 0.81, n = 12,
SWM: aC DOM (443) = −0.0047[salinity] + 0.2453, R2 = 0.83, n = 8, FIM = aC DOM (443) = −0.0124[salinity] + 0.4587, R2 = 0.54, n = 8, WM = aC DOM (443) = −0.0271[salinity] + 0.9528, R2 = 0.34, n = 12.
7
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Fig. 5. Scatter plot and logarithmic regression between vs aC DOM (443) and SC DOM (a) for SIM (b) and SWM (c) for FIM and (d) for WM. SIM: SC DOM = 0.0031*log[aC DOM(443)] + 0.0209,
R2 = 0.61, n = 12, SWM: SC DOM = −0.002*log[aC DOM(443)] + 0.0093, R2 = 0.10, n = 8, FIM: SC DOM = 0.0011*log[aC DOM(443)] + 0.0175, R2 = 0.09, n = 8, WM:
SC DOM = 0.0025*log[aC DOM(443)] + 0.0198, R2 = 0.19, n = 12.

and salinity with an R2 value 0.83 (Fig. 4a). During SWM even though
the Chl_a concentration was higher there was no relationship between
Chl_a and aC DOM (443). It confirms that the major source of CDOM during this season was driven by the terrestrial source or from the upwelled water (Tilstone et al., 2013). Conversely, during FIM, only a
moderate relationship was observed between aC DOM (443) and salinity
(R2 = 0.54; Fig. 4b) where as aC DOM (443) was well correlated with
Chl_a (R2 = 0.68; Table 2) depicting the major source of CDOM as disintegrated products of phytoplankton. This observation was also reported
by (Menon et al., 2011). During WM no significant relation observed
between Chl_a and aC DOM (443) (R2 = 0.11, Table 2) as well as with
aC DOM (443) and salinity (R2 = 0.34; Fig. 4b). The reason behind the insignificant relation during WM could be because microbial degradation
of DOC as the major precursor source of CDOM in the water column,
and also photo-degradation might affect the absorption characteristic of
CDOM, which is visible from Fig. 5d (Menon et al., 2011; Hansen et al.,
2016; Matsuoka et al., 2015).
3.3. Variability in phytoplankton absorption (ap h (λ))

Fig. 6. Variation of ap h (443)/ap h (670) as a function of chlorophyll a concentration along
the coastal waters off Cochin.

The ratio of phytoplankton absorption coefficient at ap h (443)/(ap h)
670 as plotted against Chl_a concentration is shown in Fig. 6. The ra 1 with an avtio of ap h (443)/ap h (670) ranged from 0.876 to 6.01 m−
 1. The higher a
erage value of 2.57 ± 0.943 m−
(443)/a
p
 h
p
 h (670) ratio
 3. When the conwas observed at Chl_a concentration less than 2 mg m−
 3, there was no corresponding in
centration of Chl_a above 2.0 mg m−

crease in the ratio of absorption coefficient. The observed absorption
coefficient was a non-linear function of Chl_a concentration, this non
linearity between Chl_a and ration of ap h (443)/ap h (670) has been in
8
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dominating more than Chl_a in the blue part of the spectrum (Shaju et
al., 2015).
Based on the spectral shape and the ratio of phytoplankton specific
absorption (a*ph) value at a*p h (443)/a*p h (670) seven different absorption spectra were identified as shown in Fig. 7. Shape_1 spectra
showed two individual absorption peaks near 443 and 670 nm respectively, with the ratio of a*p h (443)/a*p h (670) being 1.99. Shape-1 spectra were highly dominated by Skeletonema sp. (5680 cells/L), Chaetoceros spp. (3500 cells/L). Average Chl_a concentration for the shape_1
 3. Shape_2 spectra showed peaks at 443 and
spectra was 1.66 mg m−
675 nm respectively, with an average ratio of a*p h (443)/a*p h (670)
being 1.78. Shape_2 spectra were highly dominated by Skeletonema
sp. (10360 cells/L). Average Chl_a concentration for the shape_2 spec 3. Shape_3 spectra also showed peaks at 443 and
tra was 6.11 mg m−
677 nm respectively, with the value of a*p h (443)/a*p h (677) being
2.46. Shape_3 spectra were dominated by Chaetoceros sp. (4521 cells/
L) and all the stations in shape_3 spectra were belonged to October.
 3.
Average Chl_a concentration for the shape_3 spectra was 1.73 mg m−
Shape_4 spectra showed peaks at 443 and 670 nm respectively, with
an average ratio of 2.88 in a*p h (443)/a*p h (670). Shape_4 spectra
were dominated by Chaetoceros sp. (3309 cells/L) and all the stations
in shape_4 spectra belonged to November. Average Chl_a concentra 3. Shape_5 also showed
tion for the shape_4 spectra was 0.42 mg m−
peaks at 443 and 670 nm respectively, with an average ratio of 2.07
in a*p h (443)/a*p h (670). Shape_5 spectra were dominated by Chaetoceros sp. (3309 cells/L) and all the stations in shape_5 spectra belonged
to November. Average Chl_a concentration for the shape_5 spectra was
 3. Shape_6 showed identical peaks at 443 and 677 nm re0.42 mg m−
spectively, with an average ratio of 2.32 in a*p h (443)/a*p h (670).
Shape_6 was dominated by Skeletonema costatum (2533 cells/L) and
Chaetoceros sp. (1168 cells/L). Average Chl_a concentration for the
 3. Shape_7 also showed peaks at 443
shape_6 spectra was 4.31 mg m−
and 678 nm respectively, with an average ratio of 2.62 in a*p h
(443)/a*p h (670). Shape_7 spectra were dominated by Coscinodiscus sp.
The average value of Chl_a concentration for the shape_7 spectra was
 3.
1.44 mg m−
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vestigated in many of the coastal waters, which could be due to the
intercellular composition of phytoplankton pigment and pigment packaging effect (Shaju et al., 2015; Matsuoka et al., 2011; Riddick et al.,
2015).
The relationship between Chl_a with ap h (443), ap h (670), a*p h (443)
and a*p h (670) during SIM, SWM, FIM, and WM were shown in (Table
4). During SIM, the results indicated a significant relationship exists between Chl_a and ap h (443) and ap h (670) with an R2 value of 0.65 and
0.78 respectively (Table 4), while there was no significant relationship
between Chl_a and a*p h (443) and a*p h (670). Large variation was observed in the value of ap h (443), a*p h (443) and a*p h (670) during SIM,
 1, 0.038 ± 0.031 m2
 mg−
 1
with the average value of 0.055 ± 0.051 m−
2

−
 1
and 0.014 ± 0.008 m mg
respectively. During SWM, a significant
relationship was found between Chl_a and ap h (443), ap h (670) and
a*p h (443) with an R2 value 0.89, 0.94 and 0.65 respectively (Table
4), whereas no significant relationship was observed between Chl_a
and a*p h (670). However, ap h (670) was highly variable during SWM
 1
with an average value of 0.054 ± 0.024 m−
. Chl_a concentration was
also highly variable during SWM with an average value of
 3. During FIM a significant relationship occurred be6.57 ± 3.52 mg m−
tween a*p h (670) versus Chl_a with an R2 value of 0.68 (Table 4). During WM a significant relationship was observed between aph (670) versus Chl_a with an R2 value of 0.69 while a reasonable relationship was
found between ap h (443) versus Chl_a with an R2 value of 0.52 respectively. During SIM and SWM ap h (443) and (670) nm was strongly correlated with Chl_a concentration.
At B1 station, the spatial relationship between Chl_a with ap h (443),
ap h (670), a*p h (443) and a*p h (670) indicates a significant relationship between ap h (670) and Chl_a (R2 = 0.69), whereas a weak relationship was found between the ap h (443) and Chl_a with an R2 value of
0.15. ap h (443) and a*p h (443) was highly variable at B1 station with
 1 and 0.032 ± 0.027 m2
 mg−
 1.
an average value of 0.085 ± 0.049 m−
At B2 station ap h (443) and (670) showed a significant relationship
with Chl_a with an R2 value of 0.63 and 0.77 respectively. The values of ap h (670), a*p h (670) and Chl_a were highly variable at B2
 1, 0.013 ± 0.009 m2
 mg−
 1,
station the average being 0.029 ± 0.028 m−
−

3
2.95 ± 3.46 mg m
respectively. At B3 station ap h (443) and (670)
showed a significant relationship with Chl_a with an R2 value of 0.90
and 0.96 respectively. Even though, a reasonable relationship was observed between a*p h (443) versus Chl_a with an R2 value of 0.56. At
B4 station ap h (443) and (670) showed a significant relationship with
Chl_a with an R2 value of 0.83 and 0.87 respectively. At all the four different bathymetry stations, a*p h (443) and a*p h (670) showed a weak
relationship with Chl_a. During the entire period of the study, we observed that ap h (670) was strongly correlated with Chl_a than ap h (443).
This could be attributed to the accessory pigment absorption, which is

3.4. Seasonal variability in diffuse attenuation coefficient
The value of Kd (443) was higher during SWM ranged from 0.244
 1 with an average value of 0.799 ± 0.593 m−
 1and showed
to 1.99 m−
−

a lower value during SIM ranged from 0.035 to 1.59 m 1 with an av 1. Similarly, a (443) showed a higher
erage value of 0.571 ± 0.606 m−
d

 1 with an average
value during FIM ranged from 0.051 to 1.453 m−
 1 and shows a lower value during SIM ranged
value of 0.752 ± 0.991 m−
 1
between
0.011–0.037 m−
with
an
average
value
of

Table 4
Regression coefficient derived between Chlorophyll a with phytoplankton absorption coefficient at 443, 670 nm and phytoplankton specific absorption coefficient at 443 and 670 nm
during Spring Inter Monsoon, South West Monsoon, Fall Inter Monsoon and Winter Monsoon along the coastal waters off Cochin.
Seasons
SIM

SWM

FIM

WM

Parameters

R2

n

Regression type

Slope

Intercept

ap h (443) vs Chl_a
ap h (670) vs Chl_a
a*p h (443) vs Chl_a
a*p h (670) vs Chl_a
ap h (443) vs Chl_a
ap h (670) vs Chl_a
a*p h (443) vs Chl_a
a*p h (670) vs Chl_a
ap h (443) vs Chl_a
ap h (670) vs Chl_a
a*p h (443) vs Chl_a
a*p h (670) vs Chl_a
ap h (443) vs Chl_a
ap h (670) vs Chl_a
a*p h (443) vs Chl_a
a*p h (670) vs Chl_a

0.65
0.78
0.35
0.25
0.89
0.94
0.65
0.46
0.03
0.02
0.44
0.68
0.52
0.69
0.17
0.05

12
12
12
12
8
8
8
8
8
8
8
8
10
10
10
10

Linear
Power
Power
Power
Power
Power
Power
Linear
Linear
Power
Power
Power
Power
Power
Power
Linear

0.023
0.013
0.034
0.013
0.029
0.012
0.028
−0.0002
0.011
0.009
0.026
0.009
0.036
0.014
−0.006
−0.002

0.009
0.763
−0.401
−0.237
0.673
0.827
−0.329
0.011
0.027
−0.094
−1.02
−1.09
0.711
0.915
0.045
0.017
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significant relationship existed between Kd (443) and ad (443) as well as
Kd (443) and Chl_a with an R2 value of 0.96 and 0.91 respectively (Table
5). The good correlation between Kd (443) and Chl_a proves that Chl_a
significantly contributes to the light attenuation of the water column
during SIM. During SWM, no significant relationship existed among any
of the variables. However, a moderate relationship was observed between Kd (443) vs Chl_a with an R2 value of 0.59 showing Chl_a considerably contributing to light attenuation during FIM. During WM a
positive correlation existed between Kd (443) and ad (443) with an R2
value of 0.93. During the study period, it was observed that detritus
contributes significantly to light attenuation of the water column during
SIM and WM. However, no significant relationship was found between
TSM vs Kd (443) for SIM, SWM, FIM and WM seasons. The relationship
between total suspended matter and downwelling diffuse attenuation
coefficient is complex (Reynolds et al., 2016; Neukermans et al., 2012;
Devlin et al., 2008).
3.5. Absorption budget
Fig. 7. Types of phytoplankton absorption spectra measured during the study period
along the coastal waters off Cochin.

Fig. 9 showing the triangular classification of coastal waters based
on the three optical components CDOM, phytoplankton and detritus at
three different wavebands (443, 555, and 670 nm). During the study
period, highest contribution to the absorption budget was from detritus at 555 nm; this has also reported by (Blondeau-patissier et al., 2017;
Spyrakos et al., 2017). Similarly, detritus absorption showed a slightly
decreasing trend at 670 nm while compared to 443 and 555 nm. The
results showed that optical characterization using triangular diagram
provides a useful approach to identify the relative absorption contribu
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 1. The relationship between K (443), a (443) and
0.028 ± 0.015 m−
d

d

Chl_a for SIM, SWM, FIM, and WM are shown (Fig. 8). During the
study period, it was observed that Kd (443) and ad (443) showed a decreasing trend from Barmouth station to the offshore stations. The regression coefficient derived between Kd (443), ad (443) and Chl_a for
SIM, SWM, FIM and WM are highlighted in (Table 5). During SIM a

Fig. 8. Scatter plot showing the relationship (a) Kd (443) and ad (443) (b) Kd (443) and Chl_a. The colour with Red, Blue, Green and violet symbols represents season symbols ‘ + ’
indicates SIM season, ‘□’ indicates SWM season, ‘○’ indicates FIM season and ‘Δ’ indicates WM season respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
Table 5
Regression coefficients derived between attenuation coefficient at 443, detritus at 443 and chlorophyll a concentration during Spring Inter Monsoon, South West Monsoon, Fall Inter
Monsoon and Winter Monsoon along the coastal waters off Cochin.
Seasons
SIM
SWM
FIM
WM

Parameters

R2

n

Regression type

Slope

Intercept

Kd (443) vs ad (443)
Kd (443) vs Chl_a
Kd (443) vs ad (443)
Kd (443) vs Chl_a
Kd (443) vs ad (443)
Kd (443) vs Chl_a
Kd (443) vs ad (443)
Kd (443) vs Chl_a

0.96
0.91
0.09
0.03
0.39
0.59
0.93
0.37

8
8
7
7
7
7
11
11

Linear
Linear
Power
Linear
Power
Linear
Linear
Power

0.212
3.45
0.187
−0.896
0.063
0.928
0.257
1.82

−0.002
0.092
0.125
7.81
0.445
0.494
−0.009
0.414
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Fig. 9. Ternary diagram illustrating the relative contribution of phytoplankton, CDOM, and detritus absorption at four different seasons along the coastal waters Off Cochin at 443, 555
and 760 nm wavelengths. The scale of the diagram is selected such that the altitude of each of the apices from the opposite base represents 100% absorption by an individual component.
The higher the relative contribution of a given component for a given sample is, the closer the point is to the corresponding apex. The colour with Red, Blue, Green and violet symbols
represents seasons symbols ‘ + ’ indicates SIM season, ‘□’ indicates SWM season, ‘○’ indicates FIM season and ‘Δ’ indicates WM season respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

tion by CDOM, phytoplankton, and detritus materials in the water column. As per the triangular diagrammatic representation of Case 1 and
Case 2 waters (Tilstone et al., 2012; Riddick et al., 2015; Mascarenhas
et al., 2017), our results indicate typical Case 2 water bio-optics. The
absorption budget at 443 nm was highly variable with a relative contribution of detritus at B1 station ranged between 20–90%, B2 station
ranged between 35–75%, B3 station between 20–60% and B4 station
between 5–55%. At Barmouth station, the relative contribution by detritus is more than 50% in most of the time. Similarly, the relative
contribution of the detritus absorption was decreasing from Barmouth
station to the offshore stations. Higher turbidity in Barmouth waters
is due to the coastal runoff, coastal upwelling, vertical mixing, dredging, dumping of dredged materials and transportation activities and
results in the alteration of water-column optical components (George
et al., 2013). The relative absorption of phytoplankton at B1 station
ranged from 5 to 30%, B2 station between 10–35%, B3 station between 15–55% and B4 station between 15–50%. The relative absorption
of CDOM at B1 station ranged between 5to 70%, B2 station between
15–55%, B3 station between 15–60% and B4 station between 10–60%.
At 443 nm, the relative absorption by detritus dominating more than the
relative absorption of CDOM and phytoplankton, compose the coastal
waters optically complex similar to coastal systems around Europe,
North Sea and Eastern English Channel (Wozniak et al., 2011; Riddick
et al., 2015; Tilstone et al., 2012). The relative contribution of phyto

plankton absorption was higher during SIM ranging from 5 to 80%, and
it is lesser than 50% in all other seasons. Higher relative CDOM absorption was showed during FIM with a relative contribution reaching 70%.
During WM the relative contribution of detritus absorption reaches up
to 85%. The relatively low contribution by phytoplankton during WM
could be due to pigment packaging effect as well as the change in phytoplankton species composition (Matsuoka et al., 2011; Riddick et al.,
2015).
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65%. During SIM the relative contribution of detritus absorption was
reached up to 80%.
The absorption budget at 670 nm indicates the relative absorption of
detritus was found higher at FIM and reached up to 60%. The absorption budget at 670 nm shows that relative absorption by detritus was
more significant than the relative absorption by phytoplankton. However, relative absorption of CDOM was found to be decreased at 670 nm
compared to 443 and 555 nm. Similarly, relative absorption of detritus
also found to be decreased at 670 nm compared to 443 and 555 nm. The
relative absorption of detritus dominated the relative absorption of phytoplankton and CDOM at 443, 555 and 670 nm wavelengths.
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The present study provides the seasonal and spatial variability in
bio-optical properties along the coastal waters off Cochin, in South Eastern Arabian Sea (SEAS) for the first time and observed high variability
in absorption components. SC DOM decreased from Barmouth (B1) to offshore. The relative increase of SC DOM in B1 station could be due to the
freshwater discharge from the Cochin estuary. The observed insignificant relationship between Chl_a and TSM as well as TSM and aC DOM
(443) could be due to the enormous contribution of inorganic particles
in total suspended matter discharged from Cochin estuary and the nonlinearity between Chl_a and ration of ap h (443)/ap h (670), attributed
to the intercellular composition of phytoplankton pigment and packaging effect. The dominance of the accessory pigment over Chl_a in the
blue part of the spectrum resulted in the high correlation between phytoplankton absorption (ap h) at 670 nm and Chl_a than ap h 443. Chl_a
significantly contributes to the light attenuation of the water column
during SIM, whereas detritus is an essential contributor to the light attenuation during SIM and WM. A detailed investigation is required on
the size, shape, and composition of total suspended matter for understanding the role of suspended matter on light attenuation along the
coastal waters off Cochin. The factors controlling the spatial distribution of CDOM during SIM was determined by both freshwater discharge
and in-situ decomposition of phytoplankton biomass, and during SWM,
it was by the terrestrial flesh out and from the upwelled water. The
relative absorption of CDOM was high during FIM, and it is significantly correlated with Chl_a concentration. During WM, the high SC DOM
with lower aC DOM (443) values indicate that photo-degradation might affect the absorption characteristics of CDOM. The absorption budget describes the relative contribution of detritus, which is strongly dominated
at all the three wavelengths. Results obtained in this study would help
to improve our current understanding of optical absorption components
and its computed spectral slope for improving and tuning the bio-optical algorithms for ocean colour remote sensing applications and biogeochemical processes in the Coastal Waters off Cochin.
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