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[1] Defining highly variable freshwater plume area from space is important for
characterizing the dynamics of biogeochemical properties and understanding the effects of
climate change and human activities on plume-related processes. The absorption
coefficient of colored dissolved organic matter (aCDOM) from satellite ocean color data can
be used to estimate the salinity and thus the plume area in coastal oceans if a robust
conservative salinity and aCDOM relationship and an accurate satellite aCDOM algorithm can
be established. In this paper, tight relationships between surface water salinity and in situ
aCDOM were found during several cruises covering all seasons and the full salinity range in
the East China Sea. Thus, a salinity inversion model from aCDOM was developed and
validated with an independent data set, in which 73.6% of the data were within the absolute
salinity error of �1 and 87.1% were within �1.5. Factors influencing the conservative
behavior of colored dissolved organic matter are analyzed, with a particular focus on the
effect of the phytoplankton-induced autochthonous colored dissolved organic matter. In
addition, several satellite aCDOM algorithms were compared and validated with our in situ
data. Monthly satellite-derived salinity images were mapped in August from 2008 to 2010
and showed the significant interannual variability in the plume coverage. This study
demonstrated that the salinity derived from satellite-derived aCDOM can provide a reliable
and good synoptic view of the plume area, and help with biogeochemical studies, in
particular, those properties related to the interannual variability of plume coverage,
although the development of a localized satellite algorithm of aCDOM is still desirable.
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1. Introduction

[2] Riverine freshwater plumes in ocean margins contrast
greatly with surrounding waters with respect to their physical,
chemical, and biological properties. Therefore, being able to
define a plume area with a high space and time resolution
is important for examining coastal ocean physical and
biogeochemical processes, as well as for studying the impacts
of human activities and climate change on coastal ocean
processes. However, river plumes are highly dynamic in both
space and time, and they are often difficult to define from
limited field surveys. Thus, it is of great interest to characterize
river plumes from satellite observations.

[3] Salinity is a direct indicator of a freshwater plume.
Two specific microwave satellite sensors (L-band radiometers),
the SMOS (the Soil Moisture and Ocean Salinity) and Aquarius/
SAC-D satellite, were launched recently to directly monitor the
global ocean surface water salinity. However, due to land con-
tamination, coarse spatial resolution (typically 30–300 km),
and long revisiting time (3days or more) [Koblinsky et al., 2003;
Lagerloef et al., 2008; Font et al., 2010; Kerr et al., 2010],
the capacity to observe salinity in the coastal area and pro-
duce satisfactory salinity fields remains limited.
[4] Like sea salt, colored (or chromophoric) dissolved

organic matter (CDOM), which is characterized by its optical
absorption coefficient, aCDOM, is also a soluble matter with
distinct values in river and marine end-members [Blough
and Del Vecchio, 2002]. In many large river estuaries and
plume systems where physical mixing prevails, aCDOM
behaves conservatively and has good negative correlations
with salinity [e.g., Siddorn et al., 2001; Johnson et al., 2003;
Chen and Gardner, 2004; Chen et al., 2004; Hong et al.,
2005; Guo et al., 2007; Bowers and Brett, 2008; Stedmon
and Markager, 2001; Stedmon et al., 2010]. Therefore, in
recent years, aCDOM derived from satellite ocean color data
has been used to estimate salinities in river-plume dominated
coastal oceans, such as the areas receiving the Columbia River

1State Key Laboratory of Satellite Ocean Environment Dynamics, Second
Institute of Oceanography of State Oceanic Administration, Hangzhou, China.

2School of Marine Science and Policy, University of Delaware, Newark,
Delaware, USA.

Corresponding author: Y. Bai, State Key Laboratory of Satellite
Ocean Environment Dynamics, Second Institute of Oceanography of State
Oceanic Administration, 36 Baochubei Road, Hangzhou 310012, China.
(baiyan_ocean@126.com)

©2012. American Geophysical Union. All Rights Reserved.
2169-9275/13/2012JC008467

227

JOURNAL OF GEOPHYSICAL RESEARCH: OCEANS, VOL. 118, 227–243, doi:10.1029/2012JC008467, 2013



[Palacios et al., 2009], the Amazon and Orinoco rivers [Hu
et al., 2004; Del Vecchio and Subramaniam, 2004; Molleri
et al., 2010], the Mississippi River [Del Castillo and Miller,
2008], and the Clyde Sea [Binding and Bowers, 2003]. How-
ever, the relationships between salinity and aCDOM have distinct
local features in coastal oceans with different freshwater and
marine end-members, and are regulated by regional hydrody-
namic and biogeochemical processes. Therefore, it is generally
not practical to apply a locally developed salinity-aCDOM re-
lationship to other areas, and sufficient field measurements
are usually needed to parameterize the algorithm locally.
[5] The Changjiang (a.k.a. Yangtze) River is the largest

river on the Eurasian continent and one of the largest rivers
in the world. It discharges into the East China Sea (ECS),
which is one of the widest continental shelves and one of the
most productive marginal seas in the world. The Changjiang
River plume (a.k.a. Changjiang DilutedWater (CDW), a name
popularly used in the regional scientific literature) can travel
northeastward over 450 km offshore to the Cheju Island in
summer [Moon et al., 2009], and even affect the Sea of
Japan [Fang et al., 1991]. It is of significance to study the
Changjiang River plume-influenced ECS to understand
marginal sea biological processes, and carbon and nutrient
transport and transformation [Tsunogai et al., 1999; Isobe
and Matsuno, 2008; Chen et al., 2008; Gong et al., 2011].
Yet, relative to other large river plume systems, few studies
have been conducted on the optical characteristics of CDOM
and their relationships with salinity in the Changjiang River
plume, because in situ optical data are very limited [Gong,
2004; Guo et al., 2007]. Sasaki et al. [2008] and Ahn et al.
[2008] attempted to use satellite data to map the Changjiang
River plume. However, they used limited field data
covering only the outer shelf with salinity greater than 29.
As such, their algorithms must be evaluated in the river’s
lower-salinity plume area.
[6] In addition to the development of regionally specific

salinity-aCDOM relationships, the development of an appropri-
ate satellite algorithm for aCDOM is also a key challenge for
mapping coastal oceans salinity using satellite ocean color
data. Together with dissolved riverine matter, high concentra-
tions of terrestrial detritus are also a feature of coastal oceans.
In terms of a satellite algorithm, it remains difficult to separate
the absorption coefficient of CDOM and nonpigmented
organic particles (NAP) because they have similar absorption
spectra with exponential wavelengths decay functions. As a
compromise, a method using the combined absorption
coefficient of CDOM and NAP, known as CDM and character-
ized by aCDM[�aCDOM+ aNAP], has been adopted for aCDOM
usage as long as the aCDOM is overwhelmingly greater than
the aNAP [Siegel et al., 2002; Sasaki et al., 2008; Molleri
et al., 2010]. This approach has worked in open ocean and
clean shelf waters, but has generally failed in particle-rich
waters, a scenario expected in the nearshore ECS. Based
on the quasi-analytical algorithms (QAA) [Lee et al., 2002,
Lee, 2006], Zhu et al. [2011] recently developed an
extended QAA (QAA-E) algorithm to retrieve aCDOM from
QAA-derived aCDM (aCDOM= aCDM – aNAP). The QAA-E is
expected to have wider applicability due to its analytical basis.
However, more validations are required to further improve
the QAA-E algorithm [Zhu et al., 2011], especially outside
the Mississippi and Atchafalaya River plume region where
the algorithm was developed.

[7] In the past 5 years, we have carried out nine cruises to
measure water optical properties in the ECS, covering all
seasons and the complete salinity range, from freshwater to
high-salinity marine end-members (the Kuroshio water in the
eastern boundary of the ECS). This abundant data set has
allowed us to develop a more robust satellite algorithm for
salinity and plume area detection. In this paper, first, field
data are presented and the relationships between salinity
and aCDOM and their seasonality are analyzed. Then, several
existing aCDOM inversion algorithms are evaluated, and
corresponding satellite-derived salinity maps are generated
to show the applicability of these inversion algorithms, partic-
ularly in illustrating the interannual variation of the plume. In
the discussion sections, the factors influencing the conserva-
tive behavior of CDOM are analyzed, with a particular focus
on the effect of the phytoplankton-induced autochthonous
CDOM. Finally, deviations between the observations and
satellite-derived salinity maps are discussed with respect
to future improvements.

2. Data and Method

[8] Nine cruises were conducted in the ECS from 2006 to
2011 (Figure 1 and Table 1): (1) Four cruises were carried
out during the “908 Project” (hereinafter, C908) using the
marine surveillance ships of the State Oceanic Administration,
with the summer cruise covering a period from 19 July to
22 August 2006, the winter cruise from 24 December 2006
to 3 February 2007, the spring cruise from 4 April to 8 May
2007, and the autumn cruise from 13 October to 1 November
2007. (2) Another four cruises were carried out during the
“973 CHOICE-C Project” (hereinafter, C973) in the ECS
using R/VDongfanghong II, with the summer cruise covering
a period during 16–31 August 2009, the winter cruise from
24 December 2009 to 3 January 2010, the autumn cruise from
29 November to 9 December 2010, and the spring cruise
from 31May to 8 June 2011. (3) Finally, one additional cruise
was carried out in the Changjiang Estuary and Hangzhou Bay
during 23–28 September 2009 (hereinafter, CCJE-Sept) by
the fishing boat Zhouchongyu No. #24522. The shipboard
measured data used in this paper included surface water
salinity, aCDOM, chlorophyll a concentration, and remote
sensing reflectance just above the sea surface.
[9] On the “C908” and “C973” cruises, the salinity profiles

at each station were measured with a SeaBird CTD (SBE 917
and SBE 911plus, respectively). On the CCJE-Sept cruise, the
surface water salinity was measured with a multiparameter
water quality instrument, the RBR (XR-620). The underway
surface water salinity was also measured on the C973 summer
cruise at a measuring frequency of 1min using an Idronaut
Multiparameter “Flow Through” CTD, which was corrected
by the salinity measured with the shipboard SeaBird CTD.
[10] The CDOM sample collection, storage, and measure-

ment were performed according to Ocean Optics Protocols
Version 2.0 [Mitchell et al., 2000]. Water samples were
filtered through a MilliporeTM glass filtration system with
0.2mm polycarbonate filters at a low vacuum less than around
125mmHg. The polycarbonate filters were presoaked in 10%
hydrochloric acid (HCl) for about 15min and rinsed
thoroughly before filtration. The filtration system was cleaned
in sequence with about 200mL of Milli-Q purified water
and a 200mL seawater sample. The water sample was then
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filtered and placed directly into 60mL CNWTM brown
glass bottles with Teflon gaskets. Before the cruises, the
glass bottles were soaked in 10% HCl, rinsed with Milli-
Q purified water, dried, and combusted at 450 �C for 4 h.
The glass bottles with the CDOM samples were stored in
refrigerators at –20 �C and were measured in the laboratory
within 1 month after the cruise. In the laboratory, the opti-
cal densities (ODs) of CDOM samples were measured in a
10 cm quartz cell using a Perkin ElmerTM lambda 35 ultra-
violet-visible light spectrophotometer. The Milli-Q water
was used as the blank with a flat baseline between �0.0005
OD. The aCDOM was calculated with:

aCDOM lð Þ ¼ 2:303=lð Þ � ODCDOM lð Þ � ODMilli-Q lð Þ� �� ODnull l0ð Þ� �
;

(1)

where l indicates the wavelength of the optic measurement
and l is the quartz cell path length (0.1m). ODnull(l0) is
the residual offset at the long wavelength (l0), and we used
the average values between 695 and 705 nm as the residual
correction (baseline correction).
[11] The water samples for chlorophyll a (chla) were filtered

onto 25mm Whatman GF/F filters with 0.7mm pore size at a
low vacuum. The filters were preserved in liquid nitrogen
before being processed. Each filter was analyzed fluoro-
metrically with a Turner-Design10 fluorometer to obtain the
chla concentration. In this study, we used only surface layer
samples for CDOM and chla (less than 5m depth).
[12] The above-surface remote sensing reflectance, Rrs

(l), was measured aboard ship using the above-water
method [Mueller et al., 2003]. An ASD (Analytical Spectral

Table 1. Regression Results of Salinity and the Absorption Coefficient of Colored Dissolved Organic Matter (aCDOM) at 355, 400, and
412 nma

Cruise

Salinity Range(psu) aCDOM(355) aCDOM(400) aCDOM(412)

Min Max N A B R SD A B R SD A B R SD

C908-Spr.1b 0.62 34.52 91 37.216 –17.163 –0.94 3.33 37.918 –34.771 –0.91 3.96 38.108 –41.198 –0.90 4.20
C908-Spr.2b 7.03 32.98 68 35.224 –13.840 –0.88 2.98 35.358 –26.664 –0.85 3.28 35.357 –31.022 –0.84 3.39
C908-Sum.1 1.03 33.73 57 35.743 –14.841 –0.96 2.45 35.503 –29.975 –0.95 2.78 35.453 –35.712 –0.94 2.94
C908-Sum.2 10.02 32.76 48 35.032 –13.699 –0.93 2.46 34.802 –27.767 –0.91 2.76 34.743 –33.094 –0.90 2.90
C908-Aut.1 0.07 34.30 65 38.980 –17.609 –0.95 3.51 39.315 –37.645 –0.92 4.31 39.402 –45.299 –0.91 4.63
C908-Aut.2 4.10 32.95 45 38.280 –16.007 –0.92 3.26 37.989 -32.994 –0.88 3.93 37.828 –39.151 –0.86 4.20
C908-Win.1 0.38 34.31 51 37.189 –17.737 –0.94 3.28 37.649 –37.369 –0.92 3.83 37.788 –44.914 –0.91 4.03
C908-Win.2 15.16 32.88 31 34.545 –13.659 –0.78 3.72 33.980 –26.073 –0.73 4.11 33.735 –30.182 –0.71 4.24
C908all.1c 0.07 34.52 264 37.201 –16.713 –0.94 3.28 37.557 –34.637 -0.92 3.87 37.643 –41.328 –0.91 4.11
C908all.2 4.10 32.98 192 35.595 –14.151 –0.89 3.10 35.599 –28.545 –0.86 3.49 35.533 –33.639 –0.84 3.66
CCJE-Sept. 0.22 25.19 26 33.105 –13.292 –0.88 2.65 33.054 –29.613 –0.85 2.94 32.843 –35.811 –0.84 3.06
C973-Spr. 28.27 34.35 57 34.191 –7.370 –0.74 0.87 33.942 –13.525 –0.70 0.92 33.917 –15.867 –0.70 0.93
C973-Sum. 24.73 34.59 28 35.157 –12.626 –0.86 1.48 34.516 –21.446 -0.71 2.07 34.263 –23.046 –0.66d 2.21
C973-Aut. 27.38 34.60 35 35.559 –12.991 –0.96 0.59 35.856 –28.172 –0.94 0.69 35.959 –34.202 –0.93 0.74
C973-Win. 27.06 34.62 43 35.353 –11.923 –0.94 0.69 35.510 –25.843 –0.90 0.86 35.536 –30.978 –0.89 0.92
C973allc 24.73 34.62 163 35.217 –11.397 –0.88 0.99 35.095 –22.103 –0.81 1.22 35.041 –25.520 –0.79 1.28

aThe linear regression equation is Y=A+B�X, where Y is the salinity, and X is the aCDOM at 355, 400, or 412 nm. A and B are the offset and slope,
respectively; R and SD are the regression coefficient and standard deviation, respectively. Salinity Range shows the min and max values; and N is the
number of valid samples.

bPostfix number “1” with the C908 cruise name indicated that the regression includes all of the measured data, while number “2” indicated that the
regression used only the data with salinity ranging from 2 to 33.

c“C908all” or “C973all” indicated that the regressions use the pooled C908 data (or C973 data) from the four seasons.
dAll the regression results are with the p< 0.0001, except for the C973-sum with aCDOM(412), where p= 0.000145.

Figure 1. Research area and sampling stations. (a) Four C908 cruises (2006–2007) in the north ECS.
(b) Four C973 cruises (2009–2011) and one cruise in the Changjiang Estuary and Hangzhou Bay
(September 2009). Contours are in meters. The arrows indicate the Yellow Sea Coastal Current (YSCC),
the Taiwan Warm Current (TWWC), the Kuroshio Current, and the Changjiang River Plume (CRP).
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Devices) FieldSpec HandHeld Spectroradiometer (FSHH,
325–1075 nm) was used to measure the upward radiances
from the sea-surface (Lt) and standard reflecting plate (Lp)
and the downward sky radiance (Lsky). To avoid Sun-glint
contamination, the zenith and azimuth angles for measuring
Lt were about 40o and 135o (referring to solar orientation),
respectively. In addition, we selected the optimal place to
minimize the effects of ship shading and foam. We set the
integrating time according to the incident radiance intensity,
and corrected the dark current for each change of integrating
time. The ASD spectrometer was calibrated before and after
each cruise using an NIST (National Institute of Standards and
Technology) traceable irradiance lamp standard (OLFEL-1000)
and a Spectralon plaque standard (Labsphere Inc.). According
to the radiances measured by ASD FSHH, remote sensing
reflectance (Rrs) can be calculated as

Rrs lð Þ ¼ bp lð Þ Lt lð Þ � bs l0ð ÞLsky lð Þ� �
= pLp lð Þ� �

; (2)

where bp and bs are the reflectances of the standard plate and
air-sea interface, respectively. In general, bs varies from
0.022 to 0.05 [Lee et al., 1996]. Here we estimated bs(l0)
by assuming a black ocean at a near-infrared wavelength
(l0) and wavelength independence [Doxaran et al., 2002].
The l0 we used changed with the water turbidity, indicating
longer wavelengths for more turbid. In addition, for the
extremely turbid waters with high values in the near-infrared
wavelength, we fixed bs as 0.05 when the estimated value
was larger than 0.05.
[13] In addition to our field measurements, we also used two

global data sets to validate of the aCDOM algorithm. The first
was the International Ocean-Colour Coordinating Group
(IOCCG) synthetic data set at 30� solar zenith angle, taken
from the IOCCG website (http://www.ioccg.gov). It contains
500 records, with the shortest wavelength at 400 nm for both
aCDOM and Rrs. The data set was simulated by HydrolightW

and covered a wide range of natural water variations. The
second data set was the global in situ NASA bio-Optical
Marine Algorithm Data Set (NOMAD) data set (version 1.3),
taken from the SeaBASS website (http://seabass.gsfc.nasa.
gov) [Werdell and Bailey, 2005]. It contains 192 effective
records, with the shortest wavelength at 405 nm for both
aCDOM and Rrs.
[14] The satellite data were downloaded from the NASA

ocean color website (http: //oceancolor.gsfc.nasa.gov/). In this
study, daily Moderate Resolution Imaging Spectroradiometer
(MODIS)/Aqua products of Rrs at the 412, 443, 488, 531,
547, and 667 nm sensor bands with a spatial resolution of
about 4 km were used.

3. Algorithms and Results

3.1. Relationships Between Salinity and aCDOM

[15] The absorption spectrum of CDOM is a decaying
exponential function of the wavelength as aCDOM lð Þ ¼
aCDOM l0ð Þ � eSCDOM l0�lð Þ; where l0 is the reference wave-
length and SCDOM is the spectral slope. Here we used linear
regressions between sea surface salinity and aCDOM at three
different wavelengths (355, 400, and 412nm) because 355
and 400nm are the commonly used wavelengths in CDOM
biogeochemical research, and 412nm is the shortest wavelength
of the current ocean color satellite sensors. In the following

sections, we describe the salinity and aCDOM correlations of
individual cruise, followed by their seasonal variations.
3.1.1. Salinity and aCDOMRelationships ofDifferentCruises
[16] In general, salinity and aCDOM(355) were well correlated

for all nine cruises with correlation coefficients (R) greater than
0.85 (p< 0.001), except for the C973 spring cruise with R of
0.74 (Table 1). Good correlations were also found between
salinity and aCDOM at 400 and 412nm, albeit with slightly
lower R and higher standard deviations (SD) than those at
aCDOM(355). The regression results for aCDOM(400) were also
better than those for aCDOM(412) (Table 1). Therefore, it
appears that the shorter wavelength of aCDOM was more ap-
propriate for salinity inversion, as the nature of the exponential
decay spectrum indicated. Here we focus on the analysis of
aCDOM at 355 nm, although the values at 400 and 412 nm are
also used for comparison.
[17] The C908 cruises covered a full salinity range from

freshwater to the Kuroshio water. For the regression of
salinity and aCDOM(355), all C908 cruises had R values
greater than 0.9 with SD values of 2–3 in the salinity unit.
Among them, the summer cruise data showed the best
correlation, with R= 0.96 and SD= 2.36. In addition, this
data set also smoothly connected with that of the CCJE-Sept
cruise located in the low-salinity regions (Figure 2a).
Among the four C973 cruises, which were all located in
higher salinity areas (>25), the SD was less than 1, except
for the summer cruise, which had a slightly higher SD of
1.48. The C973 cruise data were also tightly clustered
around the regression lines of the pooled C908 data,
although some points deviated from the lines around
salinities 28–32 (Figure 2b).
[18] The regression lines for the C973 cruises led to a

much higher freshwater end-member because the data were
located largely in high-salinity regions, while the regression
line for CCJE-Sept alone led to a much lower marine end-
member, with all of the data coming from the low-salinity
regions (Figure 2c). These deviations indicate that, as may
be expected, any extrapolation beyond the sampled data
ranges may lead to large uncertainties. Thus, a general and
robust salinity-aCDOM relationship must be derived from
the data set with a full salinity range.
3.1.2. Seasonal Variation of the Salinity-aCDOM

Relationships
[19] The differences between the individual cruises

regression lines may largely reflect the seasonal variation of
the salinity-aCDOM relationship. In general, there were slight
seasonal changes for the four regression lines from the C908
cruises. Such slight seasonal changes were also found in
the C973 regression lines over the sampled salinity range
(~25–34), except for the C973 spring cruise (Figure 2c).
[20] The in situ aCDOM(355) at the freshwater end-member

(salinity near 0) was between 1.4 ~ 2.3m–1 (Figure 2a).
Showing by the seasonal regression lines of C908 cruises at
salinities around 0 (Figure 2c), aCDOM(355) at the freshwater
end-member increased from 2.1 to 2.4m–1 from winter to
spring, autumn, and summer, which was most likely
controlled by the sequence of Changjiang River discharge
from low to high [Chen et al., 2008, 2009]. It is difficult to
pinpoint the exact freshwater end-member value of aCDOM
due to the multibranching structure of the Changjiang Estuary,
local metropolitan contamination, strong tidal effects, and
likely seasonal variation in the upper stream source materials.
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For the purpose of identifying a plume area, the freshwater
end-member is fortunately not very critical. Although such
discharge-dependent variation was small, further exploration
is desirable and dependent on the availability of more data.
[21] For the marine end-member, aCDOM(355) varied at

around 0.05–0.1m–1 when the salinities were greater than
34.3 (Figures 2a and 2b). This was largely due to the mixing
of multiple water masses on the outer shelf (e.g., the Taiwan
Warm Current and Kuroshio water [Yuan et al., 2008;
Chen, 2009]). Although the marine end-member of aCDOM
was also hard to determine from the samples, this uncer-
tainty did not affect our ability to identify the river plume.
[22] Instead of the direct regression of all of the measured

data (the regression line marked as regression line 1 in
Figure 2 and simply as “1” after the cruise time in Table 1),
we limited the salinity range to 2–33 for the data from C908
cruises to develop the regression equations (the regression line
marked as regression line 2 in Figure 2 and simply as “2” after
the cruise time in Table 1), for the purpose of defining
the freshwater plume and eliminating the influence of the
variable end-member values. In general, regression line 2
had lower SD than regression line 1(Table 1). Without the
effect of the freshwater end-member, regression line 2 had
lower offset and higher slope than regression line 1 (Figures 2a
and 2b). A comparison with the independent C973 data

suggests that regression line 2 from the pooled C908 data
was more appropriate for matching the high-salinity marine
water than regression line 1, although regression line 2 slightly
overestimated the salinity in the freshwater end-member
(Figure 2b). This limitation is not a real problem for satellite-
derived salinity mapping, because water with very low-
salinity occupies only a very small area within and around a
river mouth, and salinity increases very rapidly once the water
exits an estuary.
[23] In Figure 2d, it is interesting to note that the

regression line 2 from each individual C908 cruise were
much closer to each other than the regression line 1,
implying much smaller seasonal variation in the salin-
ity-aCDOM relationships in the majority of the salinity
ranges. The regression line 2 from the autumn C908
cruise had higher modeled results than the regression line
2 from other seasons in the high-salinity region, perhaps
due to the influence of phytoplankton blooms. This is
similar to the regression line from the spring C973 cruise
on which the blooms were encountered. We discuss these
in section 4.2.

3.2. Comparison With Previous Studies

[24] To the best of our knowledge, four studies have shown
the salinity-aCDOM relationships in the ECS, including a study

Figure 2. Relationships between salinity and aCDOM(355) in the Changjiang plume and surrounding ECS
waters. (a) Data from four C908 cruises and the CCJE-Sept cruise. The blue solid line (line 1) is the regression
line for the pooled C908 data, and the red solid line (line 2) is the regression line for the pooled C908 data with
salinity ranging from 2 to 33, eliminating the variable river and marine end-member values. (b) Data from
four C973 cruises with the regression lines for the C908 data. (c) Individual regression lines for the nine
cruises with all measured data. To present a clear view, the regression lines for the four C973 cruises in high
salinity have been replaced by thin gray lines. (d) Individual regression lines for four C908 cruises with
salinity ranging from 2 to 33.
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by Gong [2004] of the southern ECS with four seasonal
cruises from 1997 to 1998, a study by Guo et al. [2007] of
the south branch of the Changjiang Estuary with one cruise
in August 2003, and studies by Sasaki et al. [2008] and Ahn
et al. [2008] of the northeastern ECS with data covering only
the outer shelf (salinities all greater than 29). Because Guo
et al. [2007] did not present a quantitative correlation equation
for salinity and aCDOM, we compare our regression results
only with those of Gong [2004], Sasaki et al. [2008], and
Ahn et al. [2008] with aCDOM at 400 nm, because Sasaki
et al. [2008] and Ahn et al. [2008] both used 400 nm as a
reference wavelength. We also examine the robustness and
generality of these salinity-aCDOM relationships using our in
situ data (Table 2 and Figure 3).
[25] Although the relationships between salinity and aCDOM

(400) were more scattered than those involving aCDOM(355),
based on our ECS data, all of the linear regression lines
were generally quite similar, apart from some special cases
(Figure 3). It is encouraging to find that three linear regression
lines from (1) the low chla data of Sasaki et al. [2008], (2) the
pooled data of Ahn et al. [2008], and (3) the pooled data of
Gong [2004] were all approximately close to our pooled
C908 regression line 2, although their slopes and offsets were
different in the regression equations. This indicates that the
linear relationship between salinity and aCDOM is rather stable
in the ECS, although their relationships have developed from
different areas and seasons. In most cases, especially for the
high-salinity marine water, our C908 regression line 2 data
fit best with the C973 data.
[26] Note that it may not be appropriate to compare the data

with the nonlinear equation of Ahn et al.’s [2008]. Although
they preferred this exponential decay function, their equation
seems to significantly overestimate the salinity. The apparent
explanation is that their relationship may not be suitable for
the ECS in the below-30 salinity range, because their equation
was developed by combining the high-salinity data (greater
than 30) from the ECS with low-salinity data from areas
outside the ECS, such as Lake Ponchartrain and Mississippi
Sound [Miller et al., 2002], where the aCDOM(400) values
were much higher than that of the Changjiang River
freshwater. The regression line used by Sasaki et al. [2008],

which was based only on data with chla greater than
1.3mg/L, was approximately similar to that of the C973 in
spring cruise. However, the regression lines created from data
with high chla concentration only suit special cases. In
addition, two algorithms (high-chla and low-chla) are not very
practical when applied to a whole satellite image with a wide
chla distribution.

3.3. Application to Satellite Ocean Color Data

[27] The accurate prediction of salinity in a plume area from
ocean color satellite data requires a robust relationship to link
salinity with aCDOM, and that aCDOM should be accurately re-
trieved from satellite-derived remote sensing reflectance. In
the following subsections, a series of validations are presented
to show the performances of the salinity-aCDOM equation,
satellite aCDOM algorithms, and satellite-derived salinity
mapping, with several in situ data sets.
3.3.1. Validation of the Salinity-aCDOM Equation
[28] For the remote sensing application, the regression

equation based on pooled C908 data with salinity ranging
from 2–33 (regression line 2 from pooled C908) was used
in the ECS:

SSS ¼ 35:595� 14:151� aCDOM 355ð Þ (3)

[29] The data from the four C973 cruises were taken as
independent data sets to validate the model performance
(Figure 4). Most of the model-derived data followed the 1:1
line well, with 73.6% of the data falling within the absolute
salinity error of �1, and 87.1% data falling within �1.5.
Overall, this result was sufficient for detecting the river plume
with a large salinity gradient. The absolute errors of modeled
salinity are displayed in the geographic maps for a clearer view
of the deviations (Figure 5). In general, for most of the shelf
area, the absolute errors of modeled salinity were within �1,
implying the good performance of our salinity model. Larger
deviations were found in the highly turbid estuary and bays,
especially the adjacent Hangzhou Bay in the southern
Changjiang River Estuary, which was affected by strong tidal
processes [Su and Wang, 1989; Xie et al., 2009]. Thus, it is
appropriate to use the data with a 2–33 salinity range in

Table 2. Regression Results of Salinity and the Absorption Coefficient of Colored Dissolved Organic Matter (aCDOM) at 400 nm From
Literatures and Our Studya

Cruises

Salinity aCDOM(400)

Regressiona N A B R SD(min-max) (min-max)

Sasaki et al. [2008] ~(29–34) ~(0.05–0.26) All 43 34.5 –19.5 �0.66 / c

chla< 1.3mg/L 35 35.3 –27.3 �0.80 /
chla ≥ 1.3 mg/L 8 33.9 –12.2 �0.91 /

Ahn et al. [2008] (30–34.4) (0.05–0.22) Linear 24 36.655 –30.642 �0.93 /
Non-linearb 37 35.064 –0.3357 �0.99 /

Gong [2004] (/) (0.017–0.444) Spring 35 38.48 –40 �0.72 /
Summer 34 35.947 –26.316 �0.9 /
Autumn 34 36.969 –31.25 �0.78 /
Winter 34 36.146 –20.833 �0.91 /
All 137 36.636 –30.303 �0.78 /

This study C908alld (0–34.52) (0.08–2.36) All 264 37.557 –34.637 �0.92 3.87
Salinity(2-33) 192 35.599 –28.545 �0.86 3.49

aThe linear regression equation is unified as Salinity=A+B� aCDOM(400).
bThe nonlinear regression equation of Ahn et al. [2008] is Salinity ¼ A� e B�aCDOM 400ð Þð Þ.
cSD was not shown in the literatures.
d“C908all” indicated that the regression use the pooled C908 data from the four seasons.
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the regression of equation 3 to avoid the freshwater with
extremely high turbidity, which occupied only a very small
area compared with the whole river plume.
[30] During the dry seasons of autumn and winter, most

parts of the shelf had chla lower than 2mg/L, and these areas
had better modeled salinity results than the wet seasons of
spring and summer. Some underestimations in autumn and
winter were located at 32�N within the 50m isobath, which
was paralleled by a significant turbid tongue, induced by the
southeastward flow from the Yellow Sea Coastal Current
(YSCC) (Figure 1a) [Yuan et al., 2008; Yuan and Hsueh,
2010]. A third end-member with higher CDOM from the
turbid and well-mixed southeastward YSCC, rather than
the Changjiang River, might have caused the underestima-
tion of the modeled salinity.

[31] On the C973 spring cruise, stations with significantly
underestimated salinities all had chla greater than 4mg/L.
These stations were located in a typical area experiencing
frequent red tide occurrences [Zhou et al., 2003; Chen et al.,
2007a]. The bloom-induced CDOM resulted in underesti-
mation of the modeled salinity. These situations were more
complicated in summer for the C973 and C908 cruises.
Both underestimation and overestimation were found
for chla greater than 2 mg/L. These results are discussed
in section 4.2.
3.3.2. Validation of Satellite Algorithms for aCDOM

[32] Because of the influence of rich terrestrial NAP,
developing a satellite aCDOM algorithm in the coastal oceans
is a very challenging task [Zhu et al. 2011, and references
therein]. As a first step toward the development of a new

Figure 3. Regression lines of salinity and aCDOM(400) in this study (equation can be found in Table 1
and Table 2 with C908 all data with salinity from 2 to 33), Sasaki et al. [2008], Ahn et al. [2008], and
Gong [2008]. Left-hand column shows the background of our in situ data during the C908 cruises, and
right-hand column shows the data from the C973 cruise. For Ahn et al. [2008], line 1 and 2 are the linear
and nonlinear regression lines (exponential function), respectively. For Sasaki et al. [2008], line 1 is the
regression line from their pooled measured data, and lines 2 and 3 are from the data with chla< 1.3 mg/
L and chla ≥ 1.3 mg/L, respectively. For Gong [2008], lines 1, 2, 3, 4, and 5 are the regression results from
the cruises in spring, summer, autumn, winter, and their pooled data, respectively. The detailed equations
of these three literatures can be found in Table 2.
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aCDOM algorithm for the ECS, we evaluated and validated
three existing aCDOM algorithms to show the ability of remote
sensing to estimate salinity and detect plumes in the ECS.
[33] Sasaki et al. [2008] and Ahn et al. [2008] tried to

map the Changjiang River plume with satellite ocean color
data. The aCDOM algorithm used by Sasaki et al. [2008]
was exactly the aCDM algorithm developed by Carder
et al. [2003], who assumed that the aCDOM was much greater
than aNAP on the outer shelf and thus aCDOM� aCDM. Ahn
et al. [2008] developed a regional empirical algorithm for
aCDOM(400), which was a power function of the ratio of
Rrs(412)/Rrs(555). In addition, Zhu et al. [2011] developed
an extended QAA (QAA-E) algorithm to retrieve aCDOM
from QAA-derived aCDM (aCDOM= aCDM – aNAP) in the
Gulf of Mexico. We evaluated these three algorithms with
our ECS data sets (pooled C908 and C973 data).
[34] We validated aCDOM(400), because the algorithms of

Carder et al. [2003] and Ahn et al. [2008] both retrieve
aCDOM at 400 nm. Because QAA-E retrieves aCDOM only
at the corresponding satellite sensor bands with the shortest
band at 412 nm, for better comparisons with the two other
products, we extrapolated the QAA-E derived aCDOM values
to the shorter wavelength at 400 nm, based on the estimates
of spectral slope (SCDOM):

aCDOM 400ð Þ ¼ aCDOM 412ð Þexp SCDOM � 412� 400ð Þ½ �; (4)

SCDOM ¼ ln aCDOM 412ð Þ=aCDOM 443ð Þ½ �= 443� 412ð Þ: (5)

[35] For our in situ data sets, the aCDM(400) values from all
three algorithms agreed with the measured data reasonably
well in spring, summer, and autumn, although Ahn et al.
[2008] predicted somewhat higher values than those of the
other two algorithms (Figure 6). Ahn et al. [2008] also
recognized this overestimation. We also caution our readers
that aCDOM in the study byCarder et al. [2003] is really aCDM,
which is supposed to be higher than aCDOM.
[36] To determine a suitable algorithm for the ECS, we

further validated and compared the aCDOM algorithms of

Carder et al. [2003] and Zhu et al. [2011] with two global data
sets: (1) the IOCCG synthetic data at 30� zenith with the
shortest wavelength at 400 nm, and (2) the global in situ
NOMAD data (version 1.3) with the shortest wavelength at
405 nm, in addition to the data from our eight C908 and
C973 cruises in the ECS. This time, we compared the inversed
aCDOM results at both the conventionally used 443 nm and the
shortest wavelengths (355, 400, and 405 nm) of the in situ data
sets. Although Zhu et al. [2011] tested their aCDOM(440)
algorithm with IOCCG synthetic data, we further tested
Zhu_aCDOM at 400 nm, in addition to the aCDOM at 405 and
355 nm with the in situ data of NOMAD and the ECS data
sets. We extrapolated Zhu_aCDOM(412) to 405 and 355 nm
with a method similar to that of 400 nm used in equations 4
and 5. In the algorithm of Carder et al. [2003], the SCDM
used to extrapolate aCDM from the reference wavelength of
400 nm to the other wavelengths was a fixed value of
0.017 nm–1, which may be somewhat higher in some regions
[Carder et al., 2003].
[37] Figure 7 shows that both of the algorithms performed

well for the IOCCG synthetic data sets, although the results
of Zhu_aCDOM is better than the Carder_aCDM, with higher
R and lower SD, because Zhu et al. [2011] adjusted the
empirical coefficients based on this data set. For the global
in situ data of NOMAD and our ECS data sets, it showed that
Carder_aCDM performed better in general with higher R,
lower SD, and more valid values than Zhu_aCDOM, although
the inversed aCDOM from both algorithms was scattered and
not particularly satisfactory. Future improvements of the
aCDOM algorithms are still required for the ECS.
[38] We achieved another useful result from this validation.

The performance of the aCDOM inversion at the shortest
extrapolated wavelength was better than that at the conven-
tionally used 443 nm. Although the extrapolation introduced
new uncertainty around the selection of the SCDOM value, this
uncertainty can be compensated by the good side of a larger
aCDOM value at shorter wavelengths with lesser influence by
other materials (phytoplankton and detritus). We discuss this
further in section 4.3.
3.3.3. Mapping the Salinity by Satellite Ocean Color
Data
[39] Using the salinity-aCDOM(355) relationship and the

aCDOM(355) inversed by the algorithm of Carder et al.
[2003], we generated daily satellite-derived salinity maps
in the ECS from the daily Rrs(l) products of MODIS/Aqua.
Due to heavy cloud cover in the ocean color data, there were
fewer match-up data between the in situ measurement and the
daily satellite-derived salinity products. As such, we generated
a 16 day composite satellite salinity map during the C973 cruise
in the ECS (16–30 August 2009) (Figure 8a). Then, we
compared the satellite-derived salinity with the in situ underway
salinity data collected during the cruise (Figure 8b). Although
there were large temporal and spatial gaps between the under-
way measurements (1min measuring period and a single point
location) and the salinity map (16day average and 4� 4 km2),
the comparison results were encouraging, and these two mea-
sures provided a sufficiently matched data set for evaluating
the satellite inversion and plume detection capability.
[40] In general, the satellite results showed similar fluctua-

tion with the in situ data, and this presented a good synoptic
view of the distribution of the low-salinity Changjiang
River plume (Figures 8a and 8b). As shown in Figure 8a, the

Figure 4. Validation result of modeled salinity based on
the in situ salinity of the C973 data (total number = 163).
The solid gray lines mark an absolute salinity error of �1
with 73.6% of the data, and the dotted gray lines envelop
87.1% of the data within �1.5.
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low-salinity Changjiang River plume extended to the north-
east after leaving the estuary, and reached Cheju Island. This
is the normal movement of low-salinity water under the
prevailing southwest monsoon during summer [Moon et al.,
2009]. In addition, the satellite image also provided a vivid view
of a rare low-salinity tongue intruding into the middle shelf at
~29�N. This low-salinity tongue was also caught by the
underway measurements on 22 August, but in a very limited
area (Figure 8b). This southeastward extending low-salinity
tongue was a notably episodic event induced by typhoon
Morakot (a category 2 typhoon), which first landed on eastern
Taiwan Island on 7 August 2009 and then landed in Fujian
Province on 9 August. The strong cyclone lasted for several
days, halted the typical northward coastal current in
summer, and triggered the southeastward current (He et al.,

Cyclone-driven terrestrial material transport to the Okinawa
Trough: Direct satellite observations, submitted to Journal
of Marine Systems, 2012).
[41] To further evaluate the applicability of the salinity

inversion algorithm, we also generated monthly-composite
satellite-derived salinity images in August from 2008 to
2010 based on our salinity-aCDOM equation and the aCDOM
(355) algorithm of Carder et al. [2003] (Figure 9). It appears
that the algorithm was able to catch the significant interannual
variations of the Changjiang River plume, which was smallest
in 2009, moderate in 2008, and largest in 2010. These results
are nearly consistent with the Changjiang River discharge
amount of 36,947m3/s, 39,574m3/s, and 54,274m3/s
(monthly-mean value from June to August) for 2008, 2009,
and 2010, respectively (discharge data taken from Datong

Figure 5. Absolute error between modeled salinity and in situ salinity (marked ΔSSS). (a–d) Data from
the four C973 cruises, and (e–f) data from the C908 cruises in summer and winter. Lacking the chla data,
the figures from the spring and autumn C908 cruises were not shown. chla concentrations are marked by
different symbols overlaying the modeled salinity errors.
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hydrological gauging station, http://www.hydroinfo.gov.cn).
The plume area was extremely large in 2010, when the
discharge was almost at its highest in the recent decades. This
result implied that one of the most important factors
regulating the plume area is the river discharge, and satellite data
can provide a valuable tool for examining how flood events
influence coastal ocean dynamic and biogeochemical processes,
which are difficult to assess from limited field surveys.
[42] We recognize that in such a highly dynamic plume

system, some deviations between the 16 day composite
satellite map and the in situ data were unavoidable. Some
deviations were still larger than we would have liked. In
addition to the temporal and spatial gaps between these
two matched data sets, deviations also resulted from many
steps required to process the satellite data. We discuss this
in section 4.4.

4. Discussion

4.1. Factors Influencing the Salinity-aCDOM Relationship

[43] The principles behind the salinity inversion from aCDOM
in coastal oceans are based on the conservative behavior of
CDOM and the overwhelming physical mixing between
freshwater and marine water with distinct CDOM values and
features. Bowers and Brett [2008] suggested that a linear
relationship can be expected in an estuary if the river discharge
and CDOM concentration vary on time scales longer than the
flushing time of the estuary. As the fourth largest river in the
world in terms of discharge, the Changjiang River Estuary
has a rapid flushing time (i.e., a few days [Zhang et al.,

2007]). Thus, a linear correlation between salinity and aCDOM
in the low-salinity area is expected even though the Changjiang
River discharge and terrestrial CDOM concentration vary
seasonally and sometimes episodically.
[44] In addition to the physical mixing, however, there are

a number of chemical and biological processes that influence
the distribution and optical properties of CDOM in the
plume area [Blough and Del Vecchio, 2002]. These include
the autochthonous production of CDOM from degradation
of phytoplankton and bacteria [Nelson et al., 1998, 2010;
Twardowski and Donaghay, 2001; Stedmon and Markager,
2005], photochemical bleaching [Chen et al., 2004], and
sediment resuspension [Boss et al., 2001].
[45] The most important removal process of CDOM is

photooxidization (photobleaching). However, noticeable
CDOM removal usually takes weeks to months [Vodacek
et al., 1997], such as a case in Tampa Bay, where the
removal was conducted under strongly stratified conditions
with a long residence time of the water mass [Chen et al.,
2007b]. In the case of the Changjiang River plume, although
stratification occurs due to the freshwater buoyancy, espe-
cially in summer, the huge river discharge and short
residence time limit the photobleaching. In addition, vertical
mixing and high turbidity further limit the photobleaching in
the tidal estuary and the inner shelf in the dry seasons.
Guo et al. [2007] also found that CDOM behaved conserva-
tively in the Changjiang Estuary and that no significant
photobleaching removal occurred in the high-salinity region.
[46] The influence of biological processes on CDOM is

another important consideration during salinity inversion,
and we discuss it in more detail in the next subsection.

Figure 6. Validation results of three algorithms of aCDOM(400) based on the four seasonal in situ data
from the C908 and C973 cruises in the ECS. Note that the algorithm needs the input of in situ Rrs(l),
which must be measured in the daytime. Therefore, the total number of valid samples in the ECS was
much less than the number of water samples for CDOM. For Carder et al. [2003], the inverse results were
actually the aCDM, which was used considered as aCDOM.
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Because we have achieved a reasonable linear regression
between salinity and aCDOM with our abundant data sets,
including those with expected biological effect, we argue that
the autochthonous input is not a major controlling factor on
CDOM in the ECS overall. This notion is consistent with
the argument of Twardowski et al. [2004] that the in situ
production of CDOM in terrestrially dominated waters may
be evident only under a relatively stable water mass containing
a high level of phytoplankton but a relatively low background
of terrestrial CDOM. Chen et al. [2009] found a low
production-to-respiration ratio in the ECS plume waters,
suggesting the dominance of allochthonous organic matters
over in situ biological production. Moreover, terrestrial
CDOM absorbs light strongly in ultraviolet bands due to its
tannins and lignin [Hernes and Benner, 2003] and because it
has a different optical character than marine CDOM, which
has few aromatic rings and absorbs weakly at 350 nm [Helms
et al., 2008; Palacios et al., 2009]. Therefore, the CDOM at
the ultraviolet bands contains more terrestrial features, which

would weaken the influence of the autochthonous CDOM
from phytoplankton and bacterial production on the salinity-
aCDOM relationship.
[47] In general, because photobleaching and biological

processes that change CDOM concentrations typically occur
on time scales that are longer than water transit period, they
are commonly masked by the direct physical mixing
between the terrestrial and marine CDOM signals in large
river-influenced systems [Blough and Del Vecchio, 2002;
Hitchcock et al., 2004; Bowers and Brett, 2008]. The good,
linear, and nearly stable relationship between salinity and
aCDOM found in our study, in addition to similar regression
equations from Gong [2004], Sasaki et al. [2008] and Ahn
et al. [2008], support this general notion.

4.2. The Effect of Autochthonous CDOM on Salinity
Inversion

[48] Phytoplankton blooms are found regularly in the
Changjiang River plume during spring and summer, when

Figure 7. Validation results of three aCDOM algorithms based on several in situ data sets with the black
1:1 line. Columns 1–3 are data from the Global IOCCG synthetic data at 30� zenith, the global data from
NOMAD (version 1.3) and data from C908 and C973 cruises in the ECS, respectively. Rows 1 and 2 are
the aCDOM at its shortest wavelength and the conventional 443 nm, respectively, retrieved by the algorithm
of Zhu et al. [2011]. Rows 3 and 4 were retrieved using the algorithm of Carder et al. [2003].
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the river carries a high terrestrial nutrient load and has suitable
light and temperature conditions [Isobe and Matsuno, 2008;
Chen et al., 2009; Gong et al., 2011]. Phytoplankton blooms
can increase CDOM under bloom conditions compared with
nonbloom conditions [Zhao et al., 2009]. In consequence,
such autochthonous CDOM additions can alter the CDOM
conservative behavior and result in lower modeled salinity,
as was observed in the bloom events during the spring and
summer cruise of C973 (Figure 4).
[49] Although some studies have tried to identify CDOM

sources [Twardowski and Donaghay, 2001; Stedmon and
Markager, 2001; Murphy et al., 2008; Helms et al., 2008], it
is still difficult (or impossible at present) to separate the
absorption signal of terrestrial CDOM from that of
autochthonous CDOM (aCDOM@phy) in satellite ocean color
data. Here we attempt to assess the influence of aCDOM@phy

on the salinity inversion. We assume that aCDOM@phy in the
outer shelf water is negligibly influenced by the terrestrial
input and is similar to that in the open ocean (the

so-called Case 1 water). As the Case 1 water definition
[Sathyendranath, 2000] indicates, phytoplankton is the princi-
pal agent responsible for variations in the optical properties of
the water; thus, it is also stipulated that the contribution
from other substances (CDOM and NAP) is relatively
small and that their optical properties can be modeled as
a function of phytoplankton concentration. Therefore, we
used the following equation to model the total absorption
coefficients:

a lð Þ ¼ aw lð Þ þ 0:06� a	chla lð Þ � C0:65
� �� 1þ 0:2� aCDOM lð Þ½ �

(6)

whereC is the chla concentration; a*chla(l) is the specific-chla
absorption coefficient; and aw(l) is the absorption coefficient
of pure water. Equation 6 and the values of a*chla(l) and aw(l)
were taken from Morel and Gentilli [1991] and Prieur and
Sathyendranath [1981]. Thus, we had the following equation
on the aCDOM at 440 nm:

Figure 8. Comparison between the satellite-derived salinity and the in situ underway measures. (a) The
cruise track during 16–31August 2009 with the background of the 16 day composite satellite map during
the cruise. The black color indicates invalid data masked by clouds and highly turbid water. (b) Point-to-point
comparison between the in situ data and the satellite-derived salinity based on the aCDOM(355) algorithm
from Carder et al. [2003]. Note that the time windows of the underway measurement and satellite data were
1min and a 16 day average, respectively.
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aCDOM@phy 440ð Þ ¼ 0:003þ 0:012� C0:65; (7)

Then, aCDOM@phy at 355 nm could be extrapolated from
440nm:

aCDOM@phy 355ð Þ ¼ aCDM@phy 440ð Þ � exp 0:014� 440� 355ð Þ½ �;
(8)

With equation 7 and equation 8, we obtained

aCDOM@phy 355ð Þ ¼ 0:009861þ 0:039445� C0:65: (9)

Therefore, the underestimation of salinity (ΔSSS) caused by
the addition of phytoplankton-induced CDOM, aCDOM@phy,
was estimated from equation 3 based on the linear relationship
between salinity and aCDOM(355)

ΔSSS ¼ B� aCDOM@phy 355ð Þ ¼ B� 0:00986þ 0:03944� C0:65
� �

;

(10)

where B is the slope of the regression equation between salinity
and aCDOM (Table 1). For our equation 3, B was 14.1505.
[50] Equation 10 shows that ΔSSS caused by aCDOM@phy

is less than 1 when chla≤ 2mg/L, and less than 1.5
when chla≤ 4mg/L. Even with a chla concentration up to
10mg/L, ΔSSS is still less than 2.6 (Figure 10). Therefore,
phytoplankton blooms in the nutrient-rich plume area have
only a limited influence on plume area detection. In addition,
the patchiness of blooms can further limit the influence in
the whole salinity field.
[51] Equation 10 can also be considered as a possible

approach to correct the modeled salinity underestimates.
Therefore, we used the in situ data of salinity, aCDOM, and
chla from the C973 cruises to explore this approach. From
Figure 11a, it is clear that the modeled salinities that were
significantly lower than the in situ salinities occurred largely
in areas with high chla concentrations. After adding the ΔSSS
estimated from equation 10 back to the original modeled
salinity, the corrected salinities agreed much better with
the in situ data along the 1:1 line (Figure 11b). For the 50
underestimated data, the averaged absolute error of salinity

was 1.58 before chla correction, and it reduced to 0.94
after the correction. These results supported the correcting
applicability of equation 10.
[52] Bearing in mind that the in situ situation is very

complicated, equation 10 only considers the situation in which
a positive correlation exists between aCDOM and chla in the
phytoplankton growth stage; it is not suited for the dissipation
and degradation stage. In Figure 11a, it is noted that even
in significant phytoplankton blooms with chla> 10 mg/L,
all three cases occurred with modeled salinities that under-
estimate or overestimate or agree with the observations,
although most deviations are toward an underestimation, as
one may expect. Such an inconsistency is not totally unex-
pected. Nelson et al. [1998] and Hu et al. [2006] suggested
that aCDOM was not correlated with chla concentration and
phytoplankton pigments, because CDOM was not the direct
product of phytoplankton photosynthesis, but rather the prod-
uct of microbial decomposition. Thus, the seasonal variation
of CDOM in the open ocean is different from the growth
cycle of phytoplankton. Hu et al. [2006] found that CDOM
peaks and troughs followed the phytoplankton pigment cycle

Figure 9. Monthly averaged satellite-derived salinity maps in August during 2008–2010, based on
aCDOM(355) inversed by the Carder et al. [2003] algorithm.

Figure 10. Underestimated salinities (ΔSSS) vary with the
increase of chla concentration based on the bio-optical model
of equation 10. ΔSSS< 1 when chla≤ 2mg/L, ΔSSS< 1.5
when chla≤ 4mg/L, and ΔSSS=2.6, when chla=10mg/L.
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on delays of approximately 2 and 4weeks, respectively.
Therefore, different biogeochemical processes at diverse time
scales further complicate the aCDOM-chla relationship. This
complication increases the difficulty of correcting autochtho-
nous CDOM in the salinity model. Further data and studies
are needed to provide deeper insight into aCDOM variations
and to further improve the salinity inversion model.

4.3. Selection of the aCDOM Reference Wavelength

[53] We prefer to use 355 nm as the reference wavelength of
aCDOM to develop the algorithm for satellite-derived salinity.
Our results and previous studies provided three reasons for
using this approach. First, due to the nature of the exponential
decay spectrum, aCDOM has a stronger signal and lower
sensitivity to other materials (detritus and phytoplankton) at
shorter wavelengths compared with longer wavelengths. As
shown by our regression and validation results, aCDOM(355)
performed better than aCDOM at the longer wavelengths (i.e.,
400 and 412 nm). Second, the ultraviolet wavelengths of
aCDOM havemore terrestrial signals than the blue wavelengths.
Hernes and Benner [2003] found that aCDOM at ~350 nm had
strong correlations with dissolved lignin, an unambiguous
tracer of terrestrial vascular plant sources. Third, 355 nm is
used in most biogeochemical studies of CDOM, because it
coincides with the pulsed frequency used in shipborne and air-
borne laser fluorescence spectroscopy sensing [Berto et al.,
2010]. Thus, using 355 nm can also be of direct help to
biogeochemical research.
[54] The biogeochemical studies of CDOM optical proper-

ties have shown no uniform reference wavelength. To obtain
stronger signals, some studies used wavelengths shorter than
355 nm, such as 325 nm [Nelson et al., 2010] and 300 nm
[Stedmon et al., 2010]. Even shorter wavelengths were used
to investigate the terrestrial features of CDOM. For example,
Berto et al. [2010] used 280 nm as the spectral region in which
aromatic substances, which are mainly substances of terrestrial
origin, such as lignin, absorb. Helms et al. [2008] and Fichot
and Benner [2011] used 275 and 295 nm as proxies for the
molecular weight of dissolved organic matter and thus for
the retrieval of the dissolve organic carbon (DOC) concentra-
tion from aCDOM. However, for remote sensing applications,
we believe that wavelengths shorter than 355 nm are not

appropriate, due to the different SCDOM at ultraviolet wave-
lengths and the elevated risk of long distance extrapolation
from the common band of ocean color sensors. Thus,
355 nm is the preferred wavelength for developing the satel-
lite-derived salinity algorithm.

4.4. Improvement of the Satellite aCDOM Algorithm

[55] From the three validation steps in section 3.3 (the
salinity-aCDOM equation, the satellite aCDOM algorithms, and
the final satellite-derived salinity data), we know that the
major errors of satellite salinity data aremainly propagated from
satellite-derived aCDOM errors. Thus, the biggest challenge in
satellite-derived salinity mapping is the accurate retrieval of
aCDOM from satellite ocean color data in coastal waters. This
involves several complicated processes, such as the retrieval
of Rrs(l) from the atmospheric correction algorithm [e.g., He
et al., 2004; He et al., 2012;Wang et al., 2007] and the retrieval
of aCDOM(l) from the bio-optical model [e.g., Lee et al., 2002;
Zhu et al., 2011]. Errors in each step are propagated into the final
results; therefore, more effort should be made to improve the sat-
ellite aCDOM algorithm in coastal waters.
4.4.1. Overestimation in the Marine End-Member
[56] The aCDOM algorithms of Carder et al. [2003] and

Zhu et al. [2011] both overestimated salinity in the marine
end-member. This common result implies that the problems
may arise from (1) deviation from the satellite-derived
Rrs(l), and (2) altered marine end-members in summer.
[57] We found that the lowest in situ aCDOM(355)

values were all greater than 0.05m–1, while the lowest
satellite-derived aCDOM(355) was about 0.04m–1. Sasaki
et al. [2008] also found that the aCDM(400) values were
underestimated from the algorithm of Carder et al. [2003].
To correct this problem, Sasaki et al. [2008] established a
multiple regression equation with the satellite-derived
aCDM(400) and chla. Although this was a practical way of
tackling the problem, we feel that such an empirical equation
developed from limited data set may be vulnerable. Further
data are required to identify the reasons for such under-
estimation and accomplish a more accurate correction.
[58] An altered marine end-member can also contribute to

this issue. In the summer of 2009, the measured salinity of
the marine end-member was 33.2–34, which was lower than

Figure 11. Validation and correction of the effect of phytoplankton blooms on the salinity inversion
with the pooled C973 data. (a) Plot with the in situ chla concentration marked by color. (b) Correction
of the modeled salinity based on equation 10. Note that only the underestimated data with ΔSSS ≤ –0.5
in Figure 11a are corrected in Figure 11b.
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that in the autumn and winter seasons (~34.5). This lower
marine end-member was probably the combined result of a
greater river discharge during summer and a seasonal variation
in the position of the Kuroshio Current, making the surface
layer salinity in the outer shelf a little bit lower in summer
(Kuroshio out-ward) than in winter (Kuroshio shelf-ward)
[Chen, 2008; Liu and Gan, 2012]. Therefore, a proper correc-
tion method should be established to adjust this variation.
4.4.2. Improvement of the QAA-E aCDOM Algorithm
[59] We showed the good performance of satellite-derived

salinity images with the aCDOM algorithm of Carder et al.
[2003] in summer, the season with the largest Changjiang
River discharge and greatest plume stratification due to the
buoyancy of freshwater. In the wet seasons, particles settle
very fast after water leaves the turbid maximum zone in
the estuary. Thus, the water in the river plume is relatively
clean, and the effect of suspended sediment on an aCDOM
algorithm can be ignored. However, in the dry seasons,
because of strong vertical mixing and thus high particle con-
centration, the accuracy of the aCDOM algorithm is degraded
under the influence of high aNAP. Therefore, improvement of
the aCDOM algorithms is required in the next step.
[60] Carder et al.’s [2003] algorithm retrieves aCDM, but

not aCDOM. Although the final inversed salinity from
Carder_aCDM(355) showed better performance in our study,
it actually may not be the proper algorithm for aCDOM
retrieval in further studies. The good performance of
Carder_aCDM(355) might result from two compensations.
First, Carder_aCDM(355) slightly overestimates the in situ
aCDOM(355) at the algorithm level (seen in Figure 7), which
would compensate the underestimation of satellite-derived
aCDOM(355) from satellite-derived Rrs(l). Second, aCDOM is
often overestimated in satellite data processing under the
influence of high aNAP, but thiswould be compensated by the sig-
nificant underestimation of Carder_aCDM(355) in coastal waters.
[61] We prefer the quasi-analytical algorithm based on the

idea of separating aCDOM from aCDM. Although there are some
challenges involved with the QAA-E algorithm [Zhu et al.,
2011] in its current form, such a quasi-analytic algorithm has
promising room to improve with more accurate parameteriza-
tion for bio-optical models. Further effort should be made
to improve the aCDOM algorithm locally in the ECS by
eliminating the particle influence, especially for the turbid
dry seasons. We need to further examine the CDOM spectrum
and the spectral slope (SCDOM) and evaluate the contribution
of NAP and CDOM to the total absorption coefficient in the
quasi-analytic bio-optical algorithm.

5. Conclusions

[62] This study developed a good linear relationship
between salinity and aCDOM in the Changjiang River plume-
dominated ECS based on nine cruises, covering all of the
seasons and the complete salinity range. The relationship is
robust and generalized, as supported by validation results from
independent data sets and comparison with the salinity-aCDOM
regression equations from previous studies, developed in
various areas of the ECS. Due to the prevailing physical water
transport process, salinity-aCDOM(355) relationship is less
influenced by biogeochemical processes. We generated
satellite-derived salinity maps for the less turbid summer
season, which presented a good synoptic view of the plume

area. The current work provides a good basis for a more robust
and general satellite algorithm for aCDOM in the ECS in the
future. This approach for creating a satellite-derived salinity
algorithm will enable us to examine the interannual variability
of the river plume and its associated biogeochemical
properties. It will also be useful in the development of
satellite algorithms for salinity-dependent biogeochemical
parameters, particularly the inversion of the aquatic partial
pressure of CO2 ( pCO2) in the river plume (Bai, in prepara-
tion, Remote sensing of coastal-ocean aquatic pCO2 using a
mechanistic-based semi-analytic method and a case study in
the East China Sea).
[63] The satellite data from multiple sensors (ocean color and

microwave) offer accumulating information of the dynamic
salinity field and water mass movements. Reul et al. [2009]
demonstrated the salinity measurements from space over
theAmazon plume with the C- and X-band data from the
Advanced Microwave Scanning Radiometer - Earth Observing
System. The newly orbiting microwave sensors of SMOS and
Aquarius (L-band radiometers) specially designed for the global
salinity field can provide the open ocean surface salinity data
with a high accuracy of 0.2. However, for the highly dynamic
plume regions in coastal oceans, ocean color sensors (e.g., Sea-
WiFS and MODIS) still have the merits of higher spatial resolu-
tion (typically about 1km) and frequent observation (once or
twice per day). With the new generation of ocean color sensors,
spatial and temporal resolutions can further improve. Theworld’s
first geostationary satellite ocean color sensor, Geostationary
OceanColor Imager, was launched in 2010 and has 500m spatial
resolution, 1 h temporal resolution (eight images per day), and
particularly covers the coasts of East China, the Korean penin-
sula, Japan and the corresponding shelves and open oceans
[Ryu et al., 2011; He et al., Using geostationary satellite ocean
color data to map the diurnal dynamics of suspended particulate
matter in coastal waters, submitted to Remote Sensing of Envi-
ronment, 2012]. It will be very useful for monitoring the diurnal
dynamic of the Changjiang plume. Taking advantage of both
ocean color and microwave sensors, the synergistic use of
these two technologies will further strengthen our ability to
understand plume dynamics in coastal ocean biogeochemical
research [Salisbury et al., 2011].
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