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Abstract

Coloured dissolved organic matter (CDOM) plays a major role in marine photochemical and biological processes
and its optical properties are known to affect the underwater light penetration. This paper highlights in situ optical
estimation and satellite retrieval of CDOM in deciphering its temporal variations in coastal waters of the South
Eastern Arabian Sea. The study accentuated the source of CDOM as terrigenous origin during monsoon, of in situ
productions during pre-monsoon and during post-monsoon of autochthonous-allocthonous origin. The matchup
analysis for in situ  and MODIS Aqua retrieved Adg443 exhibited bias which decreased by incorporating the
seasonal  component.  The  study  also  identified  degrading  bloom  of  Noctiluca  scintillans  as  the  source  for
exceptionally high CDOM in the area during January and February. The study demands to incorporate seasonal
components and phytoplankton abundance while assessing the performance of CDOM algorithms in optically
complex coastal waters.
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1  Introduction
Coloured dissolved organic matter (CDOM) is considered as

an important bio-optical constituent in the aquatic environment.
It has a positive impact on secondary productivity by protecting
the marine organisms from UV radiation and acts as a substitute
for microbial respiration. CDOM is an important component in
marine photo-degradation processes and a primary determinant
of the optical properties in ocean. CDOM competes with phyto-
plankton for the available solar radiation and thus high amount
of CDOM in waters has a negative impact on primary producers
in that area (Nelson and Siegel, 2002; Siegel et al., 2002; Blough
and Del Vecchio, 2002; Del Vecchio and Blough, 2006).

The high spatial and temporal variability of CDOM in coastal
waters limits remote-sensing algorithms for CDOM to local areas.
Several bio-optical algorithms have been developed to retrieve
CDOM absorption or closely related products from ocean colour
satellite observations. These algorithms help to estimate the ab-
sorption coefficient of CDOM and detrital (non-pigmented) mat-
ters as single parameter (Adg), since CDOM and detritus have
similar spectral response in the visible spectrum (Carder et al.,
1999; Doerffer and Schiller, 2007; Bricaud et al., 2012; Hoge et al.,
2001; Lee et al., 2010, 2002; Maritorena et al., 2002; Siegel et al.,
2005; Tilstone et al., 2012; Werdell et al., 2013). Inversion al-
gorithms provide better results for Adg retrieval in the open ocean
and failed in coastal waters due to high levels of CDOM, detrital
particles, and phytoplankton (Siegel et al., 2002; Aurin and
Dierssen, 2012).

Remote sensing algorithms for estimating CDOM in coastal

waters by linking the CDOM absorption with apparent optical
properties have been initiated by Kowalczuk et al. (2003). The
spatial and temporal variability of CDOM in the California Cur-
rent has been studied by applying SeaWiFS imagery (Kahru and
Mitchell, 1999; 2001). A quantitative understanding of autoch-
thonous production or removal of CDOM allows us to better
identify occasions where (Kowalczuk et al., 2003) suitable al-
gorithms can be used for its retrieval from space. Regionally
tuned Tassan or Carder’s Ag440 algorithm retrieved Ag440 with
uncertainties as high as 35% when applied in the Yellow Sea and
the East China Sea (Siswanto et al., 2011). Tehrani et al. (2013) es-
tablished seasonal band ratio empirical algorithms to analyse
dissolved organic carbon (DOC) using the relationships between
CDOM-Remote Sensing reflectance (Rrs) and seasonal CDOM-
DOC for SeaWiFS, MODIS and MERIS. Results revealed accurate
estimation of DOC during summer time and underestimation
during spring-winter time by both MODIS and MERIS. A study
performed with Rrs’s of HICO at estuaries of the river Indus and
GBM of North Indian Ocean suggested the need for ocean colour
sensors with central wavelength 426, 484, 490, 581 and 610 nm to
estimate the concentrations of Chl a, Suspended Sediments and
CDOM in case-II waters (Srinivasa et al., 2016). Only a few al-
gorithms were used for validation involving a direct comparison
of in situ with coincident satellite data. The major limitation to
rigorous validation is the dearth of sufficient information of co-
incident in situ field and satellite observations that are independ-
ent of the data used to develop the algorithm. Hence, a study was
carried out in the coastal waters off Kochi, South Eastern Arabian  
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Sea, for evaluating the performance of satellite-based measure-
ments of absorption by CDOM and detritus using field-based
measurements. This study also focuses on determining whether
the satellite imagery is a reliable data source and the most accur-
ate products available for on-going monitoring and various re-
search applications in the region.

2  Materials and methods

2.1  Study area
The study area forms part of south eastern Arabian Sea

(SEAS) (Minu et al., 2014). The region experiences a tropical
monsoonal climate and exhibits seasonal changes in hydro-
graphic conditions, influenced by river discharge and surface cir-
culation. Wind-induced upwelling along with a northward un-
dercurrent and a southward surface flow associated with strong
vertical mixing occurs in coastal waters off Kochi (Kumar and Ku-
mar, 1996). Southerly current supports the upwelling process
along the coastal waters during the monsoon season (Joshi and
Rao, 2012). Subsequent to monsoon season, the change in hydro-
graphic parameters causes very strong freshwater discharge from
backwaters (Srinivas and DineshKumar, 2006). During the trans-
ition period of monsoon to the post-monsoon season, the fresh-
water containing high levels of nutrients are transported through
the Cochin inlet or Barmouth, thus makes a significant contribu-
tion to the nutrient budget of the coastal waters (Balachandran et
al., 2008). At certain locations, during the southwest monsoon
period, seasonal phytoplankton blooms were also observed
(Srinivas and DineshKumar, 2006). Usha et al. (2014) had poin-
ted out that the increase of influx of nutrients contributes to the
domination of a single species of phytoplankton and results in
the high pelagic fishery.

Seawater samples were collected from nine discrete stations
from coastal waters off Kochi during April 2010 to December
2014 (Fig. 1). A commercial purse seiner was used as the
sampling platform. Samples were collected using Niskin water
sampler and stored under low temperature until analysis in the
laboratory. ACDOM was measured spectrophotometrically follow-
ing methodologies prescribed by Kowalczuk and Kaczmarek
(1996). Seawater samples were filtered through 0.2 μm nitrocellu-
lose membrane filters and the filtered seawater was stored in am-
ber coloured borosilicate glass bottles. The sample absorption
was measured using a double beam UV-Visible spectrophoto-
meter (make: ShimadzuTM, model: UV-2450) over the spectral
range of 400 to 700 nm at 1 nm resolution. ACDOM was calculated
from the optical density of the sample following the methods are
given in Twardowski et al. (2004).

The algorithm used for retrieval of CDOM from MODIS Aqua
sensor (MODISA) was used for validation. MODISA Level-2 (L2)
data over the study areas were acquired from NASA’s Ocean Col-
our Web (https://oceancolor.gsfc.nasa.gov). L2- IOP files were
downloaded and data were processed using SeaDAS software.
MODIS-A uses six Rrs bands (412, 443, 488, 531, 547 and 667 nm)
for CDOM retrieval, with a spatial resolution of 1.1 km and the
data were acquired on the same dates of the field measurements
from 2010 to 2014 (temporal window between satellite overpass
and the time of field sampling = ±12 h). The algorithm developed
by Carder et al. (1999) used in MODIS retrieves the absorption
coefficients of the sum (Adg, m−1) of CDOM (Ag, m−1) and detritus
(Ad, m−1), collectively named as CDM. This algorithm does not
separate Adg into Ag and Ad analytically. Hence, the combined ef-
fect of Adg was used for the present study.

The functional form of the algorithm used to retrieve Adg443

in MODIS is an empirical power function based on the ratio of
Rrs.

Adg = (.|.a |.a+.a ),

a =
Rrs
Rrs

a =
Rrs
Rrs

a =
Rrs
Rrs

where ,    and .

The data from MODISA was used for the present study. Three
stations were identified including one each from the estuarine,
coastal and offshore waters. The products of Chl a and Adg443
were generated using band math function of ERDAS software.
The product exhibited three different ranges of values for the es-
tuarine, coastal and offshore waters. These values have been su-
perimposed on the images after band math calculation.

3  Results

3.1  Identifying the source of CDOM using ocean colour products
The products of Chl a and Adg443 aided in identifying the

sources of CDOM in the study area (Figs 2–4). The seasonal vari-
ability was clearly marked from the analysis. The product exhib-
ited three distinct ranges viz. 0.001–0.1, 0.1–2.0 and 2.0–14.35 for
offshore, coastal and estuarine waters, respectively. Taking these
values as a proxy, we identified the distribution of these waters
coastal region. During monsoon season, estuarine waters (blue
colour) were observed to spread in the coastal region (Fig. 2).
During the post-monsoon season, spreading of estuarine waters
diminished and offshore waters gained the place (Fig. 3). The in-
termittent appearance of coastal waters was also visible. Pre-
monsoon season exhibited a clear dominance of CDOM in the
study area (Fig. 4).

3.2  Validation of in Situ and data from MODISA
Matchup analysis between in situ (Adg443) and from MOD-

ISA (Adg443M) was carried out (Figs 5 and 6). Adg443 giop, the ab-
sorption coefficient of non-algal material plus CDOM (Adg) at 443 nm
was used. The GIOP model uses a single, fixed Adg(λ) taken from
the GSM model (Carder et al., 1999). The raw data exhibited a few
matchups between in situ and satellite data. The in situ data
ranged from 0.003 to1.64 m–1 while satellite data was between
0.034 4 and 1.084 7 m–1. The plot reveals that satellite estimates
for stations 11–19 are relatively lower and 20–25 are relatively
higher as compared to the corresponding field measurements.
For the remaining stations, the algorithm matched with in situ
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Fig. 1.   Map showing the sampling stations in the South Eastern
Arabian Sea.
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data CDOM. A significant increase in the magnitude of meas-
ured CDOM was observed in Stations 11–19. However, the al-
gorithm is not sensitive to react to this abrupt increase though it
does show an increasing trend. A few matchups were observed
when the in situ data falls between 0.15 and 0.3 m–1. Another at-
tempt was to infer the influence of impact of the freshwater in-
flux on ACDOM variation. For this, the data was split correspond-
ingly to different seasons. ACDOM443 and corresponding satellite
data were not available for the study period during peak mon-
soon season (June–July). Another drawback is the heavy cloud
coverage, persisted in the area during these southwest monsoon
season, which failed to generate the CDOM imageries. The ana-
lysis exhibited a negative correlation between the two with an R-
value of 0.5. Hence, data corresponding to the pre-monsoon sea-
son and post-monsoon season were taken for the analysis. The
Adg443 was much lower than that retrieved using MODISA in the
post-monsoon season. The scenario changed entirely during the
pre-monsoon season, showing an increase in the Adg443. The
Adg443M overestimated Adg443 during post-monsoon and it un-
derestimated the same during pre-monsoon. The split data cor-
responding to pre-monsoon and post-monsoon seasons exhib-
ited a negative correlation with an R-value 0.5 and 0.3, respect-
ively (Fig. 6).

Higher values of correlation after splitting the data season-
wise indicated that season and region-specific bias correction

can be applied to the MODISA estimated Adg443 to get the estim-
ates close to realistic values. The functional form of the matchup
analysis performed for two seasons also exhibited variations in
the coefficients. The results of this approach directed the tuning
of the Chl a and CDOM ratio-based algorithm. This finely tuned
algorithm can be used for retrieving absorption by in situ data
discounting the effect of allochthonous CDOM origin.

For the pre-monsoon season, the tuned functional form isas
follows

log10 (in situ CDOM) =1.20–0.232 log10 (Chl/CDOM).

For the post-monsoonseason, the new functional form is as
follows

log (in situ CDOM)=1.32–0.201 log10 (Chl/CDOM)

3.3  Monthly variation of CDOM absorption at 443 nm
Monthly variation of in situ measured ACDOM at 443 nm, span-

ning 5 years from 2010–2015 was studied (Fig. 7). Trends were
similar for the period 2010–2014. The abnormality was observed
in the trend during February 2014. During 2010 and 2011, ACDOM

443 was marginally higher during February when compared with
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Fig. 2.   Plots showing the sources of CDOM in the study area during pre-monsoon. The dates of sample are top left to right 5-01-2015,
12-01-2015, 15-03-2015 and bottom left to right 23-04-2015, 27-04-2015 (date-month-year format).
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January and March. In February 2014, the absorption was lower
which increased in the preceding month. The trend followed a
zig-zag pattern with maximum absorption during June in 2010
and 2011. During 2014, a higher magnitude of CDOM absorption
was recorded in January. During monsoon, the absorption was
almost identical. But high variability was observed during the
post-monsoon season (October–January).

Further, reason for high CDOM persisted in the area during
February was analysed on behalf of phytoplankton physiology. As
evidenced from Fig. 2, during pre-monsoon season, the offshore
waters dominate in the area and CDOM production is mainly by
authocthonous process. The phytoplankton class responsible for
this autochthonous production was identified according to
Dwivedi et al. (2015) and Priyaja et al. (2016). Accordingly, phyto-
plankton class/species was identified using Rrs data retrieved
from MODISA. From the results, Noctiluca scintillans bloom was
identified as the contributor of high CDOM during this period.
As, CDOM was the product of degraded phytoplankton, the level
of degradation was identified by calculating the phytoplankton
physiology product using software ERDAS IMAGINE. Phyto-
plankton physiology product defines well the state of degrada-
tion of bloom, thereby the CDOM production. Further, it was

found that the CDOM was in a moderately degrading state.

4  Discussion
The origin of CDOM in marine waters is mainly by the de-

composition of biological activity and by terrestrial input such as
river discharge. Hence, CDOM absorption may be related to
phytoplankton biomass or salinity. However, Adg443 in the Coch-
in coastal waters did not correlate with chlorophyll (Minu et al.,
2014). During January and February (late post-monsoon and
early pre-monsoon), phytoplankton blooms occur along with
pre-showers of south west monsoon. The high phytoplankton
density results in increased decomposition of organic matter dur-
ing the senescence phase of blooms. This results in high CDOM
production.

The high ACDOM443 found during January and February also
coincides with the phytoplankton blooms. In order to substanti-
ate the recurrence of phytoplankton bloom during early pre-
monsoon months, a satellite-based case study, on 14 February
2012, revealed high phytoplankton biomass (i.e. Chl a) in coastal
waters off Kochi (Fig. 8a). In addition, using the remote sensing
approach developed by Dwivedi et al. (2015) and further cross
validated by Baliarsingh et al. (2017), the MODIS-A retrieved
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Fig. 3.   Plots showing the sources of CDOM in the study area during monsoon. The dates of sample are  top left to right 02–08–2015,
17–08–2015, 20–08–2015 and  bottom left to right 24–08–2015, 31–08–2015, 25–09–2015 (date-month-year format).
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Fig.  4.     Plots  showing the sources of  CDOM in the study area during postmonsoon.  The dates  of  sample are  top left  to  right
02–10–2015, 13–10–2015, 11–10–2015 and  bottom left to right 20–10–2015, 28–10–2015, 03–11–2015 (date-month-year format).
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Fig. 6.   Matchup analysis between in situ Adg443 and the ratio between MODISA chlorophyll and Adg 443 (a) whole data, (b) for post-
monsoon (c) for pre-monsoon
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phytoplankton class/species product discerned prevalence of
bloom-forming green Noctiluca scintillans in the coastal waters
(Fig. 8b). The authors relied on the satellite data processing and
model outputs because many recent publications supported the
model output, which correlated phytoplankton physiology
product with in-situ data of Noctiluca scintillans bloom (Baliars-
ingh et al., 2018; Dwivedi et al., 2015). Further, the phytoplank-
ton assemblage was observed to be in degrading stage as re-
vealed by the MODISA retrieved phytoplankton physiology
product (Figs 8 c, d).

MODISA data was biased when the annual data were taken
for correlation. Since the CDOM absorption showed monthly
variations, the data when taken as a whole exhibited bias. This bi-
as was reduced when the data were split into two seasons and
when the ratio of chlorophyll and CDOM were taken. It is expec-
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Fig. 7.   Monthly variation of in situ measured ACDOM443 during
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Fig. 8.   Spatial distribution of ACDOM and Ad Points within eclipse represent high ACDOM observed on 14 February 2012 (a), MODISA
retrieved chlorophyll (b), MODISA retrieved phytoplankton species/class (c), MODISA retrieved phytoplankton physiology images for
14 February 2012 in coastal waters of Kochi (d). The white and red colour eclipses represent features on chlorophyll-green Noctiluca-
degradation encountered off Kochi.
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ted that during monsoon and post-monsoon season, the CDOM
absorption should exceed chlorophyll. However, the coastal wa-
ters off Kochi are considered as eutrophic environment promot-
ing phytoplankton production far more than organic matter pro-
duction (Bhavya et al., 2016, Thomas et al., 2013). Figure 5 rep-
resents match up analysis between in-situ and MODIS-A Adg 443
data during post-monsoon and pre-monsoon seasons. Even
though there are reports on which Carder et al. (1999) Adg al-
gorithm failed to perform better in waters where chlorophyll a
concentration is greater than 1.5 mg/m3 and Aph675 greater than
0.025 m–1 (Carder et al., 1999), in coastal waters off Kochi, the al-
gorithm is closely associated with the in situ data during post-
monsoon. Monsoon and post-monsoon season are the peak time
for rise in chlorophyll concentration in this region in particular
(Chakraborty et al., 2016; Minu et al., 2014; 2017). Moreover, Chl
a concentration is comparatively lower during pre-monsoon sea-
son. Hence, the work was carried forward because, the Carder et
al. (1999) Adg algorithm, which is presently operational on MOD-
IS-A, performed better in case of the coastal waters off Kochi.

The main source of CDOM was terrestrial matter during mon-
soon and contributed by in situ production during pre-monsoon
whereas of both autochthonous and allochthonous origin during
post-monsoon. The product of chlorophyll and Adg443 from
MODISA exhibited three ranges each for estuarine waters,
coastal waters and offshore waters. CDOM source during mon-
soon could be of terrestrial origin which reached the coast
through estuarine influx. Hence, the waters are dominated by es-
tuarine range (Fig. 2). During post-monsoon, a mixture of ter-
restrial and organic decomposition contributed to the CDOM in
the study area. In contrast, the source of CDOM was only from
organic decomposition during pre-monsoon.

5  Conclusions
Coastal waters are important transition zones between mar-

ine and estuarine environments and receive high amounts of
sediments, dissolved organic matter, and nutrients making them
optically complex and challenging for ocean colour remote sens-
ing applications. A good number of algorithms have been pro-
posed and ACDOM (λ) retrieval was validated for the coastal wa-
ters. The present work deciphers the main sources of CDOM in
different seasons in the coastal waters of SEAS. Significant error
was encountered in the algorithm's performance when the sea-
sonal component was not taken for consideration. The finely
tuned algorithms presented in this study can be applied to other
coastal regions. It can also be used to extract CDOM data using
region-specific chlorophyll to ACDOM relationships.
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