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a b s t r a c t

Field measurements of CDOM absorption properties and DOC concentrations were collected in the
Changjiang estuarine and coastal waters from 2011 to 2013. CDOM absorption coefficient at 355 nm (ag
(355)) was found to be inversely correlated with salinity, with Pearson's coefficients r of �0.901
and �0.826 for summer and winter observations, respectively. Analysis results of the relationships
between salinity and CDOM optical properties (i.e., absorption coefficient and spectral slope) suggested
that terrigenous inputs dominated CDOM sources in the Changjiang estuary, but the proportion of
terrigenous CDOM declined with increasing salinity. The level of CDOM in the Changjiang estuary was
lower compared to some of the major estuaries in the world, which could be attributed to several
controlling factors such as vegetation cover in the drainage basin, the origin of recharged streams and
high sediment load in the Changjiang estuary. We further evaluated the relationships between CDOM
and DOC and their mixing behavior among world's major estuaries. An empirical model was finally
developed to estimate DOC concentration from ag (355) and spectral slope S275-295 using a non-linear
regression. This empirical relationship was calibrated using the Cal dataset, and was validated with
the Val dataset, resulting in an acceptable error with the R2 of 0.746, the RMSE of 20.99 mmol/L and the
rMAD of 14.46%.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Colored dissolved organic matter (CDOM) is an important
component of coastal waters, controlling the functioning of
ecological processes and biogeochemical cycles of marine ecosys-
tems. Light absorption by CDOM mainly depends on the origin of
CDOM. Terrestrial sources contain more humic acid and large
molecules of dissolved organic matter (DOM), while aquatic sour-
ces contain more fulvic acid and smaller DOM molecules (Helms
et al., 2008). Riverine discharge is considered as the main source
of CDOM in most coastal waters, resulting in a robust correlation
between salinity and the CDOM absorption coefficient (Fichot and
Benner, 2011; Granskog, 2012; Xie et al., 2012). The aquatic
CDOM is mainly produced locally by phytoplankton degradation
.

and bacterial decomposition. The absorption spectrum of CDOM
follows an exponential function, whereby the CDOM absorption
decreases with increasing wavelength (Bricaud et al., 1981). The
rate of this decrease, hereafter called the spectral slope (S, in nm
�1), can easily be computed from the absorption spectrum of
CDOM. This spectral slope is related to the ratio of fulvic to humic
acids and the molecular weight (MW) of fulvic acids and is,
therefore, commonly used to identify the origins of CDOM (Carder
et al., 1989; Keith et al., 2002). The slope S can be computed from
the spectral range either using narrow waveband (e.g.,
275e295 nm) or broader waveband (e.g., 250e700 nm). However, S
computed from narrow waveband is known to be more sensitive to
CDOM sources than the S determined from a broader waveband
(Asmala et al., 2012; Fichot and Benner, 2011, 2012).

Dissolved organic carbon (DOC), on the other hand, represents
97% of the organic carbon in the ocean (Hansell and Carlson, 1998),
and is therefore an essential part in the global carbon cycle.
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Fig. 1. Location of sampling stations in the Changjiang estuarine and coastal waters.
Samples were collected from five cruises in summer (July 2011, July 2012 and August
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Phytoplankton converts inorganic carbon to organic carbon
through photosynthesis (Longhurst and Harrison, 1989), contrib-
uting a substantial source of DOC in the oceans. Other sources of
DOC in the oceans mostly come from riverine discharge and
zooplankton activity (Kuli�nski and Pempkowiak, 2008). Terrige-
nous DOC from river discharges contributes a large portion of DOC
in the coastal oceans and is further transported to the open ocean.
To understand the migration of terrigenous DOC and estimate the
DOC budget from rivers to the ocean, measurements of DOC con-
centrations are necessary in the coastal oceans. However, tradi-
tional DOC measurements are always limited due to discrete
sampling. Therefore, a prompt and continuous estimation from
earth observation data at large spatial scales would be strongly
recommended (Liu et al., 2013; Mannino et al., 2008).

CDOM is the optically active component of DOM and therefore
can be potentially linked to DOC concentration. Although CDOM
only represents a portion of the entire DOC pool, optical proper-
ties of CDOM have been found to be empirically related to DOC
concentration in some estuarine and coastal waters (Asmala et al.,
2012; Ferrari, 2000; Fichot and Benner, 2011, 2012; Matsuoka
et al., 2012a; Rochelle-Newall et al., 2014; Spencer et al., 2007).
For example, DOC concentration can be linked to the CDOM ab-
sorption coefficient at a reference wavelength (e.g., 250 nm or
350 nm) by single linear regression (Baker and Spencer, 2004;
Matsuoka et al., 2012a; Spencer et al., 2009a). However, linear
models rely heavily on the conservative mixing of DOC and CDOM
and are not always practical in the coastal waters, such as in the
Mississippi River estuary (Chen and Gardner, 2004), the Pearl
River estuary (Chen et al., 2004) and West Florida Shelf (Del
Castillo et al., 2000). The other approach is to estimate DOC
from the spectral slope S275-295 and the DOC-normalized CDOM
absorption coefficient by non-linear regression (Fichot and
Benner, 2012). The non-linear model is supposed to be more
suitable for coastal waters, especially for river-influenced coastal
waters with lignin as the important chromophore of the CDOM
pool and the main terrigenous component of DOC (Fichot and
Benner, 2012).

The hydrodynamic environment is unique in the Changjiang
estuarine and coastal waters due to the joint influences of runoffs,
tides and coastal circulations, which makes the mixing behavior
between DOC and CDOM more complicated and variable at sea-
sonal and regional scales. For example, conservative mixing
behavior was observed in the Changjiang estuary with the DOC
concentration linearly related to the CDOM absorption coefficient
(Liu et al., 2013, 2014; Zhang et al., 2013). However, the linear
correlation was not always practical in this region (Cauwet and
Mackenzie, 1993; Liu et al., 2013), and could be easily collapsed in
the zones with significant phytoplankton production (Liu et al.,
2013, 2014). Therefore, field investigations are still necessary to
better understand the variation of CDOM and DOC in the Chang-
jiang estuarine and coastal waters. Moreover, an alternative model
estimating the DOC concentration could be also useful especially
when no correlation between CDOM and DOC concentration can be
found.

In this study, we first investigate the seasonal and spatial vari-
ations of the CDOM optical properties, which were less well
documented in the Changjiang estuarine and coastal waters. We
further discuss the potential sources of CDOM and DOC, and
employ a non-linear model to estimate the DOC concentration from
CDOM optical properties. The developed relationship was found to
be robust, and therefore could be an alternative approach to esti-
mate the DOC concentration at large spatial scales from remotely
retrieved CDOM optical properties in the Changjiang estuarine and
coastal waters.
2. Materials and methods

2.1. Shipborne sampling and measurements

Water samples were collected during five cruises in the
Changjiang estuarine and coastal waters from 2011 to 2013, and the
sampling stations are presented in Fig. 1. The field campaigns were
carried out in July 2011 (32 samples), July 2012 (29 samples),
August 2013 (53 samples), February 2012 (37 samples) and March
2012 (24 samples). A total number of 175 water samples were
collected from the surface layer and analyzed for their content of
CDOM. Salinity (in PSU, practical salinity units) was recorded syn-
chronously to CDOM sampling during the cruises using the CTD
device (SeaBird Electronics INC). Note, however, that the salinities
of 4 samples (out of 175) were not recorded during the CDOM
sampling. DOC samples were collected simultaneously with surface
CDOM samples in July of 2011 (31 samples) and August 2013 (53
samples). To investigate the vertical variation of CDOM, depth
profile of CDOM was recorded during the cruise in July 2011,
whereby CDOM samples were collected at two depths of 5 m (31
samples) and 10 m (29 samples).

Water samples were gravity-filtered on shipboard using a
0.22 mm polycarbonate membrane (Millipore, 47 mm diameter)
under low vacuum immediately after the sampling. The mem-
branes were soaked in 10% HCL for 15 min and then rinsed byMilli-
Q water three times before the filtration. The filtered CDOM sam-
ples were collected in borosilicate glass vials, and then stored in
the �40 �C refrigerator. All vials were pre-soaked in 10% HCL for
24 h, rinsed by Milli-Q water for three times, and pre-combusted at
450 �C for 5 h. DOC samples were filtered using a 0.45 mm nylon
membrane (RephiLe RF-Jet Syringe Filter, 25 mm diameter) and
collected in ampoule bottles, which were pre-combusted at 500 �C
for 5 h. After the filtration, the ampoule bottles were sealed by
fusing the bottleneck, and then stored in the - 40 �C refrigerator.
2.2. Laboratory measurements

Immediately prior to measurement, CDOM samples were un-
frozen and warmed to room temperature under fully dark
2013) and winter (February and March of 2012).
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conditions, which was used to minimize the freezing influence on
the absorption spectra. The CDOM absorbance spectra were
measured from 250 to 900 nm using a 10 cm quartz cuvette
referenced to the Milli-Q water by the PerkinElmer Lambda 1050
UV/VIS spectrophotometer. The CDOM absorption coefficient a

0
g ðlÞ

(in m�1) was then computed from the absorptance D ðlÞ as (Pegau
et al., 1997):

a0g ðlÞ ¼ 2:303 � D ðlÞ=l (1)

where, l is the cuvette path length. The effect of scattering was
corrected by normalizing the spectra to zero at 700 nm (Bricaud
et al., 1981),

agðlÞ ¼ a0gðlÞ � a0gðl700Þ � l=l700 (2)

where, l700 is the 700 nm wavelength and ag ðlÞ is the CDOM
absorption coefficient after the scattering correction. Fig. 2 shows
the absorption spectra of all CDOM samples.

The spectral slope is derived from CDOM absorption spectra by
fitting the absorption data to the exponential equation (i.e., Eq. (3))
using the optimization method (Bricaud et al., 1981),

agðlÞ ¼ agðl0Þe�Sðl�l0Þ (3)

where, l is wavelength (nm) and l0 is the reference wavelength
(nm). As shown in Fig. 2, S is apparently dependent on the wave-
length interval over which it is calculated. We chose 440 nm as the
reference wavelength to calculate the spectral slope for the broad
range from 250 to 700 nm, which is hereafter denoted as S440. S275-
295 and S350-400 were also calculated for the narrow wavelength
intervals from 275 to 295 nm and 350e400 nm, respectively. The
spectral slope ratio SR was then defined as the ratio of S275-295 and
S350-400.

DOC concentration (in mmol/L) was determined in duplicate
with a Shimadzu TOC-VCPH Total Organic Carbon analyzer using
potassium hydrogen phthalate as the standard for the DOC cali-
bration curve. The typical precision of this instrument is less than
2% in terms of the coefficient of variation. DOC samples were
Fig. 2. CDOM absorption spectra of all measurements. The two blue spectra represent
samples with maximum and minimum absorption coefficients, while the red spectrum
represents the mean absorption coefficient of all samples.
acidified by 100 mL 2 mmol/L phosphoric acid prior to the mea-
surement to remove the inorganic carbon. To ensure the accuracy
and consistency of measured DOC concentration, we analyzed the
Florida Strait seawater reference, provided by Dr. Hansell's labo-
ratory at the University of Miami, at the beginning and every fifth
sample. The average measured DOC concentration of the Florida
Strait seawater was 45.6 mmol/L, which fitted well to the expected
range (44e46 mmol/L). DOC concentrations were estimated as the
average value of the duplicate measurements. The DOC-normalized
CDOM absorption coefficient (a*g ðl0Þ, in L mmol�1 m�1) was defined
as the ratio of ag ðl0Þ and the DOC concentration.

2.3. Data analysis

To evaluate the relationship between salinity and CDOM ab-
sorption, we calculate the Pearson's coefficient r and the proba-
bility p of the linear regression. For the goodness-of-fit between
derived and known DOC concentration, statistical parameters
such as the determination coefficient R2, the mean of absolute
relative difference (rMAD) and the root mean square error
(RMSE) are determined. The rMAD and the RMSE are defined as
follows:

rMAD ¼
X

j1� derived=knownj=N� 100%; (4)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

ðderived� knownÞ2
.
N;

r
(5)

where, N is the number of observations.

3. Results

3.1. Spatial-temporal variation of CDOM

The distribution of the CDOM absorption coefficient (ag (355)) at
the surface layer in the Changjiang estuarine and coastal waters is
presented in Fig. 3, where noticeable spatial-temporal variations of
ag (355) can be observed.

The ag (355) values ranged from 0.42 to 1.91 m-1 in July 2011,
from 0.11 to 0.84 m-1 in February 2012, from 0.13 to 1.21 m�1 in
March 2012, from 0.26 to 1.36 m-1 in July 2012 and from 0.23 to
1.45 m-1 in August 2013, respectively. The ag (355) values exhibited
a gradual decrease from nearshore to offshore, forming a persistent
northwest-southeast gradient, with low values (less than 0.5 m-1)
in regions far from the rivermouth. Most samples inMarch and July
2012were collected at the same sites (Fig. 3c and d), fromwhichwe
can observe that CDOM absorption coefficients in summer were
higher than in winter. The annual variation of ag (355) over the
study area in the summer from 2011 to 2013 is also observed ac-
cording to Fig. 3a, d and 3e. The average values of ag (355) are
0.89 m-1, 0.52 m-1 and 0.60 m-1 in July 2011, July 2012 and August
2013, respectively.

As shown in Fig. 4, the vertical gradients of ag (355) in July 2011
are random among the stations with no consistent depth profile.
The largest variations of the ag (355) depth-profile are found at
stations adjacent to the Changjiang river mouth (e.g., stations with
longitudes below 122.5�E in Fig. 4c, e and 4f), while vertical vari-
ations in offshore are rather small, especially for stations with
longitudes larger than 123�E.

3.2. CDOM and salinity

Salinity is a perfect indicator of the influence of river runoff in
the estuarine regions. The variation of salinity is mainly attributed



Fig. 3. Spatial distribution of surface ag (355) over the Changjiang estuarine and coastal region. Data was collected from five cruises in July of 2011 (a), February (b), March (c), July
(d) of 2012 and August of 2013 (e).
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to the mixing between fresh river discharge and saline oceanwater.
Fresh water is almost free from salinity while the surface salinity in
the open ocean is typically between 32 and 37 PSU (Lagerloef et al.,
1995). To better explore the relationship between the CDOM ab-
sorption coefficient and salinity, CDOM measurements are divided
into subsets based on two criteria. The first classification is based on
the sampling seasons, i.e. winter and summer. The second is ac-
cording to the salinity values, from which three classes are formed
using two thresholds of 20 PSU and 32 PSU. We consider that
samples with salinity lower than 20 PSU are riverine-dominant
while marine-dominant samples have salinities greater than 32
PSU. Fig. 5 shows the relationships between salinities and ag (355),
as well as their linear fitting parameters.

From Fig. 5a we observe that ag (355) is negatively correlated
with salinity, with a more robust correlation in summer
(r¼�0.901, p¼ 0) than inwinter (r¼�0.826, p < 0.001). Moreover,
as shown in Fig. 5b, the correlation is more robust for low salinity
samples (<20 PSU, r ¼ �0.851, p¼ 0.002) compared to high salinity
samples (>32 PSU, r ¼ �0.572, p < 0.001).
3.3. Spectral slope of CDOM absorption and salinity

The range of S440 for all samples was from 0.009 to 0.019 nm�1

with an average value of 0.015 nm�1. Seasonal variations of S440 are
also observed as the average value of S440 in July 2012 was
0.017 ± 0.001 nm�1, while the average value in March 2012 was
0.0145± 0.0017 nm�1. On the other hand, S275-295 ranges from0.015
to 0.032 nm�1 for all observations with an average value of
0.021 nm�1. However, opposite to the seasonal variation of S440, the
average value of S275-295 in March 2012 (0.023 ± 0.004 nm�1) was
higher than in July 2012 (0.018 ± 0.002 nm�1).

No correlation between S440 and salinity can be found in this
study (figure not shown), while both S275-295 and SR increased with
the increasing salinity as shown in Fig. 6. The patterns between
salinity and S275-295 and SR are in accordance with previous studies
(Fichot and Benner, 2012; Helms et al., 2008). Moreover, the cor-
relation with salinity is more robust in riverine-dominant samples
for both S275-295 and SR.
3.4. CDOM properties and DOC

DOC concentrations ranged from 60.54 to 217.06 mmol/L in this
study, with an average value of 115.41 mmol/L. DOC was not
correlated to both salinity and ag (355) in this study, presenting a
non-conservative mixing behavior between CDOM and DOC. To
estimate DOC from CDOM properties, we adopted the approach of
Fichot and Benner (2012) and developed a non-linear relationship
between S275-295 and DOC-normalized CDOM absorption coeffi-
cient. All the DOC samples were divided into two optimal calibra-
tion and validation sets according to the GeoCal/Val model of
Salama et al. (2012). The Cal and Val sets were selected such that
they have the same moments (mean and standard deviation). An
exponential function was used to fit a*g ð355Þ and S275-295 for the
calibration dataset (Fig. 7a), resulting in a R2 of 0.78. The fitting
equation is expressed as,



Fig. 4. Vertical distribution of ag (355) along geographic longitude increasing in July 2011. Fig. 4aef are corresponding to the six axial transects in Fig. 3a from the bottom up.
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a*gð355Þ ¼ eð�2:45 � 130:79 S275�295Þ (6)

The fitting equation from Fichot and Benner (2012) is also pro-
vided in Fig. 7a for reference. The developed model was applied to
the Val dataset to estimate the error of retrieved DOC as shown in
Fig. 7b. The accuracy of ourmodel in Eq. (6) is expressed by the R2 of
0.746, the RMSE of 20.99 mmol/L and the rMAD of 14.46%.
Fig. 5. Relationships between salinity and ag (355). All CDOM measurements are divided in
according to the salinity values with two thresholds at 20 and 32 PSU.
4. Discussion

4.1. Comparison of CDOM and DOC in several estuarine and coastal
waters

Table 1 shows the comparison of several investigated parame-
ters among the world's estuarine and coastal waters, including the
to (a) two subsets for samples collected in winter and summer and (b) three subsets



Fig. 6. Scatter plots between salinity and (a) S275-295 and (b) SR. All observations are divided into three subsets using thresholds of salinity at 20 PSU and 32 PSU.

Fig. 7. Calibration and validation for DOC estimation model using the Cal and Val datasets. (a) A non-linear relationship (black line) is used to fit a�g ð355Þ and S275-295 using the Cal
dataset. A referential relationship from Fichot and Benner (2012) is also provided (dash line). (b) Validation of the developed model using the Val dataset.

Table 1
Comparisons of CDOM optical properties, salinity, DOC concentration and the relationship between CDOM and DOC among different estuarine and coastal waters.

Region ag (355) (m-1) S440 (nm-1) Salinity (PSU) DOC (mmol/L) CDOM vs. DOC Season References

Amazon River and Estuary 0.14e3.12 0.014e0.033 0e36.4 NA NA winter (Green and Blough, 1994)
Orinoco River plume 0.93e9.02 ag (300) 0.012e0.022 19.7e34.6 84e276 Correlated fall (Del Castillo et al., 1999)
St. Lawrence River Estuary 0.2e3.8 ag (365) 0.015 0e35.5 NA NA summer (Nieke et al., 1997)
Mackenzie River Estuary 0.6e2.02 ag (320) 0.018e0.025

S320

24.5e30.1 73.3e205.8 Correlated fall (Retamal et al., 2007)

Southern Beaufort Sea 0.018e1.08 ag (440) 0.015e0.023 0e35.0 49e460 Correlated summer (Matsuoka et al., 2012a)
Scheldt Estuary 0.97e4.22 ag (375) 0.017e0.019 0.7e29.6 NA NA winter (Astoreca et al., 2009)

2.34e4.29 ag (375) 0.018e0.019 2.7e19.9 NA NA summer
Northern Gulf of Mexico 3.96e17.52 ag (350) NA 0e37 232e611 Correlated all (Fichot and Benner, 2012)
Chesapeake Bay 0.4e4.5 0.015e0.024 0e33 60e290 Correlated all (Rochelle-Newall and Fisher, 2002)
Pearl River estuary 0.24e1.93 0.014e0.018 0e32.5 NA NA winter (Hong et al., 2005)
Pearl River estuary 0.34e1.40 NA 0e35.0 86e250 Uncorrelated summer (Chen et al., 2004)
Changjiang estuarya 0.1e3.2 0.017e0.020 0e32.0 NA NA summer (Guo et al., 2007)
Changjiang estuarya 0.10~2.82 0.017~0.020 0.12~29.4 41.7e126.2 Correlated spring (Sun et al., 2014)
Changjiang estuarya 0.43~3.74 0.018~0.022 0.2~26.5 139.4e220 Correlated summer (Zhang et al., 2013)

0.05~ 1.15 0.012~0.023 19~34.5 63.7e129.5 winterb

Changjiang estuaryc 0.11e1.20 0.008e0.018 18.7e34.9 NA NA winter This study
0.23e1.91 0.012e0.025 4.0e33.6 60.5e217 Uncorrelated summer

a Included samples collected from the river mouth.
b Included data collected from the PN section in March of 2011 in their study.
c Only data from the surface layer is counted; NA means no data or information can be found in their study.
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ranges of the CDOM absorption coefficient, spectral slope S440,
salinity, DOC concentration and the relationship between CDOM
and DOC. In general, the level of ag (355) in the Changjiang estuary
was on par with the Pearl River estuary, but lower than most of the
world's major estuaries, which is consistent with previous studies
in the Changjiang estuary and other Chinese estuaries (Guo et al.,
2014; Pan et al., 2012).

The abundance of DOM in the estuarine and coastal water is al-
ways influencedbyvegetation, climate, and the typesof rockand soil
in the river basins (Ludwig et al.,1996; Pan et al., 2012). As shownby
the Terra MODIS NDVI products (http://earthobservatory.nasa.gov/
GlobalMaps/view.php?d1¼MOD13A2_M_NDVI), the coverage of
vegetation in the Changjiang River basin is lower compared to other
drainage basins of theworld'smajor rivers, which is probably due to
rapid urbanization and massive deforestation in the past decades
(Huang et al., 2015, 2016). The low degree of vegetative cover in the
drainage basin could be an important factor in determining the
relatively low content of soil organicmatter, and therefore results in
a low level of CDOM in the Changjiang estuary. The same factor was
also reported tobe responsible for the low level of CDOM in the Pearl
River estuary (Chen et al., 2004; Hong et al., 2005).

The recharged streams could also have huge impact on the level
of CDOM in the river. Compared to streams originated from
marshland, peatland and rainforest, streams originated from glacier
and mountain areas usually have a low degree of DOM and their
discharges into the main river will dilute the concentration of DOM
(Pan et al., 2012). The Changjiang River originates from the Tang-
gula Mountains that are underlain by glaciers in large expanses.
Dilution by stream recharged from glacial melting could be an
important factor in explaining the low concentration of CDOM in
the estuary. On the other hand, the Changjiang River has a relatively
high sediment load compared to other major rivers in the world
with an average annual discharge of 0.39 billion of tons of sedi-
ments from 1951 to 2010, (Changjiang Sediment Bulletin of 2012,
available in Chinese at http://www.cjh.com.cn/fileupload/2013-09-
13/130913171010455.pdf). The high load of suspended matter
prevents the light from penetrating into the water and limits the
photosynthesis of phytoplankton in the upper layer. Therefore, the
aquatic sources of CDOM from photosynthesis could be reduced
significantly in the estuarine waters.

4.2. Spatial-temporal variation of CDOM in the Changjiang estuary

The northwest-southeast gradient of decreasing CDOM
observed in this study could be attributed to the mixing of fresh-
water and seawater. The freshwater end-member contains much
higher CDOM than seawater in the Changjiang estuary as shown in
this study as well as in Guo et al. (2014). However, the influence of
the Changjiang's runoff weakens with the increasing distance from
the river mouth, resulting in the observed gradient. This kind of
spatial distribution is in accordance with previous studies in this
area (Lei et al., 2012; Sun et al., 2014), and was also observed in
other river-influenced estuaries such as the St. Lawrence Estuary
(Nieke et al., 1997), the Southern Bight of the North Sea (Warnock
et al., 1999) and two estuaries of Canadian Arctic (Retamal et al.,
2007). Note that the spatial distribution of CDOM in February
2012 (Fig. 3b) did not follow this gradient. A more likely explana-
tion could be that the samples were collected during a tidal cycle.
The tide type in the Hangzhou Bay and adjacent waters is semi-
diurnal and the sampling interval in the February cruise was less
than 1 h. Therefore, CDOM variability could be affected by the
resuspension of bottom sediments during the reverse phase of the
tide. During the resuspension, bottom sediments with terrestrial
matter are injected into overlying waters and thus increase the
CDOM concentration (Bodineau et al., 1998).
The seasonal difference in CDOM, between March 2012 (Fig. 3c)
and July 2012 (Fig. 3d), was mainly because of the changes in the
Changjiang's runoff, which was almost doubled from March to July
in 2012 (See also the Changjiang Sediment Bulletin of 2012),
resulting in a higher level of CDOM in summer. In addition, due to
the weak freshwater input in winter, tidal movement could be
dominant in the coastal region, resulting in the low level of CDOM
(Guo et al., 2014). However, the seasonal variation of CDOMwas not
obvious for the two stations in the Hangzhou bay (Fig. 3c and d),
presenting a relatively stable level of CDOM in the Hangzhou Bay. In
the turbid waters like the Hangzhou Bay, the observed seasonal
variation of CDOM level could be the affected and balanced by
several factors, such as CDOM could be removed by flocculation and
particle sorption, added by particle desorption and degradation of
particulate organic matter (POM), or released from interstitial
water enriched with CDOM by resuspension (Guo et al., 2014). It is
worthy to notice that sediment resuspension in the Hangzhou Bay
is significant in winter due to the distinct structure of the bay and
the mutual effects by wind and tide (Chen et al., 2003).

The vertical distribution of ag (355) was more stratified in
coastal waters and peaked in the surface layer, which might be due
to hydrological dynamics and the mixing behavior between fresh
river discharge and saline ocean water. Similar phenomena were
also observed in other estuarine regions (Del Castillo and Miller,
2011; Gardner et al., 2005). The stratification was not significant
in most offshore stations, which can be explained by the weak in-
fluence of the runoff.

Comparing with reported results from Guo et al. (2007) and
Zhang et al. (2013), the interannual variation of ag (355) in the
summer are in general small in the estuarine and coastal waters.
Note that the tabulated data in Table 1 for the results fromGuo et al.
(2007) and Zhang et al. (2013) included samples collected in the
river's mouth with high absorption. The limited interannual vari-
ation of CDOM indicates that parameterization of CDOM absorption
coefficient could adopt the locally defined parameters (e.g., average
ag (355) and S400) in reducing the uncertainties of the retrieval
models on inherent optical properties (IOPs). This is mainly because
CDOM contributes a large portion to the total absorption coefficient
in most estuaries, and is therefore sensitive in IOPs-retrieval
models (Garver and Siegel, 1997; Lee et al. 2002, 2007;
Maritorena et al., 2002; Yang et al., 2013; Yu et al., 2016). Howev-
er, CDOM parameterization (Eq. (3)) in these models always re-
quires an empirical coefficient (e.g., S440) and a locally defined value
from field measurements would meet the demand.

4.3. CDOM sources

Negative correlation between salinity and ag (355) (Fig. 5a)
suggests that terrestrial inputs were the main source of CDOM in
the study area, especially for the riverine end observations with low
salinity samples (Fig. 5b). The lower Pearson's coefficient between
salinity and ag (355) in high salinity water (>32 PSU) indicates a
weak influence of runoff and a decreased proportion of terrigenous
CDOM in the marine end observations. The same conclusion can be
drawn from the relationship between salinity and S275-295 on one
hand, and the dimensionless ratio SR on the other. The smaller S275-
295 and SR are corresponding to the higher MW, which is mostly
determined by humic acid from terrestrial sources (Helms et al.,
2008). As shown in Fig. 6, the DOM shifted from high MW to low
MW with increasing salinity, corresponding to a decreasing pro-
portion of terrigenous CDOM. One important fact is that DOM
molecular size was reduced due to photobleaching of terrigenous
CDOM during downstream transit, resulting in larger S275-295 with
increasing salinity (Helms et al., 2008). Additionally, responses of
CDOM absorption at 275 nm and 295 nm to the exposure to solar

http://earthobservatory.nasa.gov/GlobalMaps/view.php?d1=MOD13A2_M_NDVI
http://earthobservatory.nasa.gov/GlobalMaps/view.php?d1=MOD13A2_M_NDVI
http://earthobservatory.nasa.gov/GlobalMaps/view.php?d1=MOD13A2_M_NDVI
http://www.cjh.com.cn/fileupload/2013-09-13/130913171010455.pdf
http://www.cjh.com.cn/fileupload/2013-09-13/130913171010455.pdf
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radiation are different, where a much greater fractional decrease in
ag (295) was found than in ag (275), resulting in a smaller S275-295
upstream (Del Vecchio and Blough, 2002, 2004; Fichot and Benner,
2012). Another factor that determined the high S275-295 in marine
end waters could be attributed to the aquatic CDOM, especially the
protein-rich plankton CDOM production, which has been proven to
have significant effect on the S275-295 (Fichot and Benner, 2012).

Compared to the S275-295, the SR seems to be a more effective
indicator of the proportion of terrigenous DOM in this study, since
the negative relationships between SR and salinity are more robust
for the three types of waters (i.e., riverine-dominant water, mixed
water and marine-dominant water) as shown in Fig. 6b. This is
mainly due to the fact that the values of the spectral slope S350-400
generally decreased with increasing salinity (blue circles in Fig. 8),
which is consistent with Helms et al. (2008). The increase of SR is
mainly due to the increase of S275-295, while the decreasing trend of
S350-400 enhanced the sensitivity of SR to terrigenous DOM.
4.4. DOC sources and estimation

The range of DOC concentration in this study (i.e., 60.54 e

217.06 mmol/L) is comparable with the previous investigations in
summer in the Changjiang estuarine and coastal waters with DOC
concentration ranging from 139.4 to 220 mmol/L from Zhang et al.
(2013). However, our results are higher than the investigations in
spring from Sun et al. (2014) with DOC concentration ranging from
41.7 to 126.2 mmol/L. The difference between our results and results
from Sun et al. (2014) could be firstly attributed to the difference in
sampling sites, and secondly due to the larger Changjiang runoff in
summer than in spring. On the other hand, DOC concentrations in
this study, in agreement with CDOM absorption coefficient, are
much lower than in other world's major estuaries. For instance, the
DOC concentration in the Amazon River estuary was averaged at
350 ± 75 mmol/L (Ward et al., 2015), while it reached 446 mmol/L
(Chen and Gardner, 2004) and 611 mmol/L (Fichot and Benner, 2012)
in the Mississippi River estuary, respectively. The DOC concentra-
tion even reached as high as 800 mmol/L in the Congo River estuary
(Spencer et al., 2009b). It is likely that the same factors driving the
observed distribution of CDOM result in the relatively low DOC
concentrations in the Changjiang estuary.

As shown in Table 1, the mixing behavior between DOC and
CDOM in most estuarine and coastal waters is conservative. How-
ever, this mixing behavior between the two parameters could be
highly variable at seasonal and regional scales. For example, non-
conservative mixing between DOC and CDOM can be found in
this study, as well as in previous study in the Changjiang estuary
Fig. 8. The trends of the spectral slopes (S275-295 and S350-400) and the slope ratio SR
with increasing salinity.
(Cauwet and Mackenzie, 1993), while a conservative mixing was
also reported by Zhang et al. (2013) and Liu et al. (2014). The
variation of DOC-CDOM relationship could be attributed to the
asynchronous changes between DOC and CDOM (Vodacek et al.,
1997). The discrepancy between DOC and CDOM in their stabil-
ities and residence period is always significant in estuarine and
coastal waters, because DOC are commonly unstable and easily
decomposed compared to the CDOM in coastal waters (Spitzy and
Ittekkot, 1986). Another factor resulting in the discrepancy could
be attributed to phytoplankton production. It seems that DOC and
CDOM produced by phytoplankton production is disproportionate,
resulting in the collapse of DOC-CDOM correlation in significant
phytoplankton production zones (Liu et al., 2013, 2014).

Despite the discrepancy between DOC and CDOM, the devel-
oped non-linear model in this study presents a robust method to
estimate DOC concentration from S275-295 and ag (355) as shown in
Fig. 7. Note that despite SR is a more indicative parameter to
terrestrial DOM in this study, it seems to be independent to DOC,
which is consistent with results from Helms et al. (2008). The
developed model can be considered as satisfactory and the vali-
dation result is not biased since the adopted GeoCal/Val model
(Salama et al., 2012) ensures that both calibration and validation
datasets are independent to each other. Considering the phyto-
plankton production may result in the discrepancy between DOC
and CDOM in this study, the non-linear model developed seems
less vulnerable to the effect of phytoplankton production. This, on
the other hand, shows that S275-295 could be a reliable parameter to
estimated DOC concentration in river-influenced estuarine and
coastal waters.

Furthermore, considering the nature of this non-linear rela-
tionship is empirical, applying this relationship to different regions
could require a fine-tuning on the empirical coefficients. For
instance, adopting the empirical coefficients from Fichot and
Benner (2012) will overestimate DOC concentration in the Chang-
jiang estuarine and coastal waters as shown in Fig. 7a. On the other
hand, as shown in this study, the developed relationship worked
well for observations collected from both July 2011 and August
2013, indicating this relationship would be reliable and practical in
the summer season in the Changjiang estuarine and coastal waters.
Therefore, with the regionally defined DOC-CDOM relationship,
DOC concentration can be potentially estimated from earth obser-
vation data since the CDOM absorption coefficient can be retrieved
from remote sensing reflectance with acceptable accuracy (Lee
et al., 2002; Matsuoka et al., 2012b; Siswanto et al., 2011).

5. Conclusion

Field measurements on CDOM optical properties and DOC
concentration allow the investigation and discussion on the spatial-
temporal variation of CDOM and DOC, the sources of CDOM and
DOC and their correlations in the Changjiang estuarine and coastal
waters. The following conclusions are drawn based on the results
presented in this study:

1. CDOM absorption coefficient at 355 nm was negatively corre-
lated with salinity, resulting in a decreasing gradient of ag (355)
from northwest to southeast. The spatial-temporal variation of
ag (355) could be highly dependent on the influence of Chang-
jiang runoff. The vertical variation of CDOM was more pro-
nounced in near-shore than that in offshore.

2. The sources of CDOM in the estuary were mainly from terrige-
nous inputs, while the level of CDOM could be determined by
several factors in the drainage basin and the origin of recharged
streams. Sediment resuspension could also be an important
source of CDOM in winter, while aquatic sources could
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contribute large proportions of CDOM in marine-dominant
waters with high salinities.

3. A non-linear relationship was developed to estimate DOC con-
centration from ag (355) and S275-295, which was proven to be
robust and stable for the Changjiang estuarine and coastal wa-
ters. Therefore, the developed relationship provides an alter-
native approach to estimate DOC at large spatial scales from
remotely retrieved CDOM optical properties over the Chang-
jiang estuarine and coastal waters.
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