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A B S T R A C T

Rivers link land and ocean ecosystems, the two largest active carbon reservoirs in the world, and transport
tremendous amounts of particulate organic carbon (POC) into marginal seas annually. Due to high spatio-
temporal variations, estimations of riverine POC flux into the sea can be relatively inexact when based on field
measurement only. In this study, remote sensing algorithms of riverine POC flux through the Xuliujing hydro-
logical station in the Changjiang River Estuary (CRE) were developed using satellite data with hourly resolution
from the Geostationary Ocean Color Imager (GOCI). Based on data collected during four seasonal cruises in the
CRE from 2014 to 2016, POC concentration showed a significant linear relationship to total suspended matter
(TSM) (N=426, R2= 0.97, p < 0.01). Thus, surface POC concentration was calculated by satellite-derived
TSM. From the in-situ data, the vertical POC concentration profile at Xuliujing showed an exponentially in-
creasing curve (p < 0.01), but a linear decrease (p < 0.01) for the water flow profile from the surface to the
bottom. Combining the GOCI-derived surface POC concentration and vertical profiles of POC and water flow, we
estimated monthly riverine POC fluxes to the CRE. Results showed that monthly POC flux at Xuliujing
(0.071 ± 0.022 Tg C) was 22.64% higher, on average, than the commonly used value at the non-tidal Datong
hydrological station. Moreover, under human activity pressures, the influences of POC input from the
Changjiang River on POC concentration at Xuliujing have weakened in recent years. Monthly and diurnal POC
variations in the CRE were mainly impacted by wind speed and tidal processes, respectively. Thus, satellite
monitoring with high spatiotemporal resolution has great significance for accurately estimating riverine POC
flux to estuary.

1. Introduction

Particulate organic carbon (POC) is an important form of oceanic
carbon form, taking part in various biogeochemical processes and in-
fluencing both organic and inorganic carbon cycles (Bai et al., 2015;
Bauer et al., 2013; Regnier et al., 2013; Stramski et al., 1999). It can
sequester carbon, scavenge associated elements and compounds, and
sink to the deep ocean as part of the “biological pump” (Duan et al.,
2014; Liu et al., 2015a, 2015b; Son et al., 2009). Land and ocean
ecosystems, which are the two largest active carbon reservoirs in the
world, are connected by rivers (Bai et al., 2014; Wang et al., 2012). On
a global scale, rivers transport about 200 Tg C (Tg= 1×1012 g) of

terrigenous POC to marginal oceans annually (Wang et al., 2012). In
addition to riverine POC, POC in the ocean is also added through local
phytoplankton production (Stramska and Stramski, 2005), flocculation
of dissolved organic carbon (DOC), and sediment resuspension, etc.
(Bauer et al., 2013). Oceanic POC can also be removed through trans-
formation of POC to DOC (Dai et al., 2000), microbial respiration
(Bauer et al., 2013), and particle deposition, etc. (Stramska and
Stramski, 2005). Due to these physical and biogeochemical properties,
investigating the variations in marine POC using in-situ data from ships
or other platforms remains challenging (Raymond and Bauer, 2001).
Owing to wide coverage and long-term observation, satellite remote
sensing provides a unique way to monitor dynamic marine POC.
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POC is composed to suspended particles whose light absorption and
backscattering features can be recorded by satellite sensors. Based on
the correlation between POC concentration and particle backscattering
and the dependence of remote sensing reflectance on particle back-
scattering, Stramski et al. (1999) initially developed an empirical al-
gorithm for estimating POC concentration in the Southern Ocean from
space. Many empirical equations have since been advanced to remotely
estimate POC in different oceanic zones (Stramska and Stramski, 2005
and references therein). However, these algorithms are only suitable for
open ocean waters where POC and phytoplankton concentrations are
correlated (Stramska and Stramski, 2005; Stramski et al., 1999, 2008;
Świrgoń and Stramska, 2015). These POC algorithms and corre-
sponding satellite-derived products have significantly improved our
understanding of oceanic POC dynamics (Stramska and Cieszyńska,
2015), but they cannot be applied to estuarine or inland waters where
phytoplankton-related particles do not play the dominant role in optical
properties. For the Gulf of Mexico, Son et al. (2009) developed the
Maximum Normalized Difference Carbon Index (MNDCI) to retrieve
POC. However, this index did not perform well for near-shore waters
with POC concentrations higher than 0.8mg/L in the Pearl River Es-
tuary (PRE) in China (Liu et al., 2015a, 2015b). Thus, we developed a
multivariate linear equation to monitor POC concentration in the PRE
with satellite data (Liu et al., 2015a, 2015b). However, we further
found that the POC algorithm in the PRE did not perform well in the
Changjiang River (also called Yangtze River), the third longest river in
the world (Wang et al., 2012), nor in the estimation of dynamic POC
flux in the Changjiang River Estuary (CRE).

Under the influence of the East Asian monsoon, Asian river water-
sheds are characterized by high POC yields (Ludwig et al., 1996). As a
typical Asian estuary, the CRE is featured by high POC concentration.
Based on monthly in-situ data from June 2003 to July 2005, Lin et al.
(2007) reported a mean POC concentration of 0.91 ± 0.42mg/L at the
Xuliujing hydrological station in the CRE, located ~120 km from the
Changjiang River outlets. Moreover, riverine POC from the Changjiang
River exhibits considerable variation over time. At the tide-free Datong
hydrological station, POC concentration in summer is usually higher
than that in winter (Duan et al., 2008; Han et al., 2006; Wang et al.,
2012), with a reported POC flux range of 9.0 Tg C/yr in 1998 (Duan
et al., 2008) to only 1.52 Tg C/yr in 2009 (Wang et al., 2012). Fur-
thermore, due to sediment resuspension and water movement by tidal
processes (Han et al., 2006), POC concentration changes frequently in
the CRE. To obtain time-series data in the current study, we established
a method for estimating riverine POC flux to the CRE based on geos-
tationary satellite data. Using in-situ data, we first developed remote
sensing algorithms to derive POC concentration and calculated monthly
mean POC concentration from hourly Geostationary Ocean Color Im-
ager (GOCI) data. Monthly POC flux was then calculated by combining
models of water velocity and POC concentration profiles. Sources, im-
pact factors, and spatiotemporal variations of POC in the CRE were also
examined.

2. Study area

As the longest river in China (~6380 km) and fourth largest river by
water flow in the world (Cai et al., 2008) (Fig. 1a), the Changjiang
River transports millions of tons of POC into the CRE annually (Duan
et al., 2008; Wang et al., 2012). The CRE is characterized by multi-order
bifurcations, multiple outlets, and unstable submerged sandbars (Yang
et al., 2014). In the CRE, the Changjiang River is first divided into the
North and South branches by Chongming Island (Fig. 1b). The North
Branch is funnel-shaped, with a width of 10 km at the downstream
outlet but only 2 km at the upstream entrance (Xue et al., 2009). The
South Branch, with a width ranging from 10 to 20 km, functions as the
mainstream of Changjiang River. The South Branch is further sub-
divided into the North and South channels, with the South Channel
then branching into the North and South passages (Fig. 1). Finally,

freshwater from Changjiang River is discharged into the East China Sea
(ECS) through four river outlets (Fig. 1b), via which saline water also
intrudes into the river during rising tides (Xue et al., 2009; Yang et al.,
2014). Shanghai city is located south of the CRE. Industrial and do-
mestic sewage from Shanghai is discharged into the South Channel by
the Huangpu River (Fig. 1b) (Chai et al., 2006).

With long historical records, the Datong hydrological station is
commonly used to represent material flux of the mainstream of
Changjiang River (Bai et al., 2014; Cai et al., 2008; Wang et al., 2012).
Datong is the most downstream non-tidal hydrological station but is
located ~500 km upstream of the CRE (Fig. 1a). The Xuliujing hydro-
logical station is located in the CRE northwest of Chongming Island
(Fig. 1b). As it is not influenced by saltwater (Xue et al., 2009), the
Xuliujing section has been used previously for estimating Changjiang
River material flux to the sea (Lin, 2007; Lin et al., 2007). Downstream
of Xuliujing, water residence time ranges from 4 to 10 d before export
into the ECS (Chai et al., 2006). Outside the outlets, freshwater flows
southward along the Zhejiang coastal area in winter, but northeastward
in summer (Chen, 2009). The CRE is also affected by the Jiangsu Cold
Current and Taiwan Warm Current water masses (Chen, 2009).

3. Materials and methods

3.1. In-situ data

Four cruises (Table 1) were conducted in the CRE from 2014 to
2016, two cruises during summer (wet season), one in spring and an-
other one in winter (spring and summer are dry seasons). During each
cruise, water samples were collected at 19 surface stations and eight
profile stations (Fig. 1b). In August 2015 and February 2016, we con-
ducted 26-h continuous monitoring at five mooring stations (S1, S2, S3,
S4, and S5) in different days (Fig. 1b). S1 was located at the Xuliujing
hydrological station; S2, S4, and S5 were located just outside the river
outlets in the maximum turbidity zone (MTZ); and S3 was located in
off-shore waters (Fig. 1b).

For surface and profile stations, water samples were collected upon
arrival. For mooring stations, sampling intervals were set according to
local tidal processes. Water was sampled at maximum-, middle-, and
minimum-flood tide levels, in total 10 times during the 26-h monitoring
time interval in the CRE with a semi-diurnal tide (Zhang et al., 2011).
For all stations, water samples were collected from 0.5m below the
water surface using a Niskin bottle. For mooring and profile stations
(Fig. 1), water samples were also collected at half the depth and 0.5m
above the riverbed.

3.1.1. Remote sensing reflectance
An ASD FieldSpec 4 spectroradiometer was used to measure upward

water-leaving radiance (Lws), downward sky radiance (Lsky), and re-
flectance radiance of a standard plate (Lp). The spectroradiometer col-
lected radiance from 350 to 2390 nm with an interval of 1 nm, and Lws,
Lsky, and Lp were measured following the Ocean Optical Protocols
proposed by NASA (Mueller et al., 2003). To minimize the effects of sun
glint and ship shadow during measurement, the probe was positioned at
a relative azimuth angle of 90–135° to the plane of solar incident. The
view zenith angle was set approximately to 45°, 135°, and 180° for Lsky,
Lws, and Lp, respectively (Liu et al., 2015a, 2015b; Mueller et al., 2003).
For specific wavelength λ, remote sensing reflectance (Rrs(λ)) was fi-
nally calculated using Eq. (1).

= × × ×R L L Lrs( ) p( ) ( ws( ) ws( ) sky( ))/( p( )) (1)

where, βp is the standard plate reflectance obtained from the calibration
file, and βws is the air-sea interface reflectance. With different sea-sur-
face roughness, sky conditions, and viewing geometries, βws generally
varies from 0.022 to 0.05 (He et al., 2013). The same as for PRE, we
assumed βws as a constant at 0.028 for turbid waters in the CRE (Liu
et al., 2015a, 2015b). All 132 in-situ remote sensing reflectance spectra
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are shown in Fig. 2, with wavelengths ranging from 380 to 870 nm
covering all GOCI bands.

3.1.2. POC and TSM
POC and TSM samples were collected as per the protocols of the

Joint Global Ocean Flux Study (JGOFS) (Knap et al., 1996). For POC
sampling, in-situ water was immediately filtered throughWhatman glass
fiber filter (GF/F, 0.7 μm and Φ47mm). Before filtration, the GF/F

Fig. 1. Schematic map of (a) Changjiang River and (b) sampling stations in the CRE. In (b), red stars mark mooring stations. Land mask was sourced from the global
administrative areas database (GADM, www.gadm.org). Water depth contours were calculated from one arc-minute gridded global relief data (ETOPO1, www.ngdc.
noaa.gov). Water current was modified from Chen (2009). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 1
Sampling information of four cruises in the CRE. Remote sensing reflectance
was only measured from 8:00 a.m. to 4:00 p.m. and under clear sky or stable
solar illumination. Due to poor sea conditions, not always all stations in Fig. 1b
were covered.

Season Cruise Number of samples

Rrs POC TSM

Spring 1–5 May 2014 27 51 46
Summer 11–19 August 2014 25 75 79
Summer 21 August–1 September 2015 38 159 159
Winter 25 February–6 March 2016 42 155 162
Total 132 440 446

Fig. 2. In-situ remote sensing reflectance collected during the four seasonal
cruises. For several stations, synchronously sampled in-situ TSM concentrations
are also shown.
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filters were combusted at 450 °C for 5 h and packed in aluminum foil;
after filtration, the filters were re-packed in aluminum foil (Knap et al.,
1996). For TSM sampling, in-situ water was filtered through Sartorius
cellulose acetate membrane (0.45 μm and Φ47 mm), which had been
dried at 45 °C for 4 h repeatedly until the weight difference was<0.1
mg so as to get the weight of the empty filter. After filtration, filter was
rinsed with purified Milli-Q water to remove salt and dissolved matter
and finally placed in plastic culture dish. All POC and TSM samples
were stored at −20 °C until laboratory analysis.

In the lab, an open container of 10% HCl was placed on the bottom
of a desiccator to ensure all POC samples were acidified with saturated
HCl fumes for 8 h to remove particulate inorganic carbon (Hedges and
Stern, 1984). Similar to Wang et al. (2012), POC content was measured
via high temperature combustion (680 °C) using a Shimadzu total or-
ganic analyzer. TSM content was determined gravimetrically by drying
the filter at 40 °C for 6–8 h repeatedly until the weight difference
was<0.1mg so as to get the total weight (Strickland and Parsons,
1972). The TSM weight was then calculated by subtracting the empty
filter weight from total weight. In total, 440 POC and 460 TSM samples
were collected (Table 1). Further details on POC and TSM collection can
be found in Liu et al. (2015b).

As per Wang et al. (2012), we also conducted cruises at Datong in
the middle of each month from May 2015 to April 2016. POC sampling
was conducted at three depths (0.5 m to surface, middle depth, and
0.5 m above riverbed) in the central mainstream.

3.1.3. Underway turbidity and water velocity
During the May 2014, August 2014, and August 2015 cruises

(Table 1), an underway Seapoint turbidimeter was deployed to record
surface turbidity. During the February 2016 cruise, an underway Turner
turbidimeter was deployed. Underway turbidity demonstrated a sig-
nificant linear relationship to synchronous in-situ TSM concentration for
both turbidimeters (Fig. 3).

A Teledyne RDI acoustic Doppler current profiler (ADCP) with a
broadband system frequency of 307.2 kHz was deployed to con-
tinuously record the water velocity profile at the 26-h mooring stations
S1–S5 (Fig. 1b). Before deploying the ADCP, sampling depth and time
intervals were set (Table 2). The ADCP was deployed 0.6m under water
surface to record the backscattering sound signal by suspended matter
in the water column, from which water velocities at different depths
were calculated based on the Doppler principle (Dinehart and Burau,
2005). For station S1, additional information on ADCP sampling in
different cruises is listed in Table 2.

In addition to the above, monthly water flow and sediment flux data
from 2001 to 2015 at Datong were derived from the MWRC. Based on
the relationships between water level and water discharge and between

water discharge and TSM concentration across Datong, we obtained
MWRC-estimated monthly water and sediment discharges from daily
monitored water levels. Hourly modeled tidal height data were derived
from the tidal table of the Zhongjun tide station, located near mooring
station S4 in the South Passage (Fig. 1b, Table 2). The tidal data were
released by the National Marine Information Center, State Oceano-
graphy Administration (NMIC/SOA, http://ocean.cnss.com.cn/).

3.2. Satellite data

The GOCI onboard the first ocean color geostationary satellite was
launched in 2010 by South Korea. The GOCI records radiance at eight
bands with central wavelengths of 412, 443, 490, 555, 660, 680, 745,
and 865 nm (Ryu et al., 2012), with a spatial resolution of
500× 500m. It scans the CRE region at a frequency of 1 h from
8:28 a.m. to 3:28 p.m. local time, in total eight times each day (He et al.,
2013). Hourly GOCI Level-1B data from May 2015 to April 2016, to-
taling 2928 scenes, were downloaded from the Korea Ocean Satellite
Center (KOSC) (http://kosc.kiost.ac/). The GOCI Level-1B data include
the total received radiance at the top of the atmosphere. A practical
atmospheric correction algorithm using ultraviolet wavelengths (UV-
AC) was utilized to derive remote sensing reflectance from the GOCI
Level-1B data (He et al., 2013). The atmospheric correction results were
good (Fig. S1 in the Supplementary material file).

In addition, we used monthly average cross-calibrated multi-plat-
form (CCMP) gridded (0.25°× 0.25°) surface vector winds at a 10-m
height (Atlas et al., 2011; Bai et al., 2014). The CCMP data were pro-
duced using satellite, moored buoy, and modeled wind data. The new
CCMP v2.0 data from May 2015 to April 2016 were provided by the
Remote Sensing System (http://www.remss.com/).

4. Algorithm development and validation

To reduce the complex influences of tidal processes, we calculated
monthly riverine POC flux at Xuliujing using geostationary GOCI data.
Using the POC satellite algorithm, surface POC concentration was first
estimated from the GOCI data. Monthly POC flux at Xuliujing was then
calculated by combining the monthly mean surface POC concentration
with vertical profiles of water flow and POC concentration.

4.1. Satellite algorithm for TSM

For the CRE, we attempted to obtain the direct relationship between
the remote sensing reflectance ratio and POC; however, the results were
unsatisfactory (Fig. S2 in the Supplementary material file). Because of
its complicated POC sources, we developed a two-step POC algorithm

Fig. 3. Relationships between synchronous in-situ TSM concentration and underway turbidity recorded by (a) Seapoint turbidimeter and (b) Turner turbidimeter.
Turbidimeter recorded backscattering light signal of suspended particle at a specific angle and converted it to turbidity.
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for the CRE, which included TSM algorithm development, based on the
relationship between POC and TSM.

He et al. (2013) developed an algorithm to derive TSM in the CRE
and adjacent Hangzhou Bay from GOCI data using a remote sensing
reflectance ratio of band 7 at 745 nm to band 4 at 490 nm (Rrs(745)/
Rrs(490)). The algorithm is shown as Eq. (2):

=
=

+ ×

Ratio R R
[TSM1] 10

rs(745)/ rs(490)
Ratio1.0758 1.1230

(2)

We applied Eq. (2) to our in-situ remote sensing reflectance data
(Section 3.1.1). The results were good for turbid waters with TSM
higher than 15mg/L, with an average relative error (ARE) of 17.83%
(N=99). However, the ARE was 509.36% (N=9) for waters with TSM
lower than 15mg/L.

The KOSC also recommended an algorithm to inverse TSM con-
centrations in coastal waters from the GOCI data (Siswanto et al.,
2011), shown as Eq. (3).

=
=

+ × + ×

Ratio R R
[TSM2] 10

rs(490)/ rs(555)
C C R R C Ratio0 1 ( rs(555) rs(670)) 2

(3)

where, C0= 0.649, C1= 25.623, and C2= 0.646; Rrs(490), Rrs(555),
and Rrs(670) are remote sensing reflectance of bands at 490 nm,
555 nm, and 670 nm, respectively. For the CRE, Eq. (3) performed well
for waters with TSM lower than 15mg/L (ARE=26.81%), but not for
waters with TSM higher than 15mg/L (ARE=474.98%).

Thus, we combined these two algorithms and used their smaller
output, as Eq. (4):

=[TSM] min([TSM1], [TSM2]) (4)

where, TSM1 and TSM2 are as Eqs. (2) and (3), respectively. We applied
Eq. (4) to the in-situ remote sensing reflectance data to calculate TSM.
Results were reasonable, with an average absolute error (AAE) of
12.31mg/L, ARE of 20.60%, and root mean square error (RMSE) of
8.99mg/L (Fig. 4).

4.2. Estimating POC from TSM

With a mean in-situ TSM concentration of 133.63mg/L (N=446),
the CRE is characterized by high turbidity. As a result, phytoplankton-
produced POC was relatively small due to light limitations. POC in the
CRE is mainly allochthonous and includes highly decomposed organic
matter from soil, vegetation, and weathered material (Wang et al.,
2012; Zhang et al., 2014). Zhang et al. (2014) reported that the POC
concentration is linearly related to TSM concentration in the Chang-
jiang River mainstream (R2= 0.52, N=105). Based on our 426 in-situ
TSM-POC pairs (Section 3.1.2), POC also showed significant linear
correlation with TSM concentration in the CRE (R2= 0.97, p < 0.001)
(Fig. 5). With an increase of 100mg/L in TSM concentration, POC
concentration increased by 0.81mg/L.

Based on the linear relationship between POC and TSM concentra-
tion (Fig. 5), we further calculated POC concentration from modeled
TSM based on in-situ remote sensing reflectance using Eq. (4). Fig. 6
shows the comparison between in-situ and modeled POC concentration,
with an AAE of 0.13mg/L and RMSE of 0.17mg/L. Considering the
highly dynamic variations and complex processes of POC in the CRE,

the modeling results were satisfactory, with an ARE of 18.28% (Fig. 6).

4.3. Vertical profile of water flow

Water velocity at mooring station S1 was measured using an ADCP
(Fig. 1, Table 2). Because of tidal processes, water depth and velocity at
Xuliujing changed dynamically. Thus, relative height to riverbed (RH),
ranging from 0 (bottom) to 1 (surface), was used to describe the vertical
profile of water velocity. Based on a total of 402 individual in-situ water
velocity profiles, Liu et al. (2014) reported a logarithmic relationship

Table 2
Sampling information on underway ADCP at station S1 during four cruises. Water discharge was recorded at Datong 7 d ahead of ADCP sampling day and from the
Ministry of Water Resources, China (MWRC, www.mwr.gov.cn).

Season Date Depth interval
(m)

Time interval
(min)

Water discharge
(m3/s)

Tidal height
(m)

Spring 3 May 2014 0.25 1 24,100 0.69–4.06
Summer 12 August 2014 0.5 10 48,000 0.28–4.28
Summer 22 August 2015 0.25 5 31,000 1.11–3.60
Winter 26 February 2016 1 10 18,700 0.52–3.74

Fig. 4. Scatter diagram between in-situ and modeled TSM concentration in the
CRE. Modeled TSM was estimated from in-situ remote sensing reflectance using
Eq. (4).

Fig. 5. Linear relationship between in-situ POC concentration and TSM. X-axis
displays logarithmic scale. All data were from the four cruises in the CRE
(Section 3.1).
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between mean water velocity and RH in the North Channel of the CRE.
At station S1, however, we found the relationship between daily mean
water velocity and RH followed a linear form in the four cruises (Fig. 7).
Daily mean water velocity linearly increased with increasing RH (pre-
sumably due to friction at the water-riverbed interface), with possible
deformation at water surface (presumably due to friction at the water-
air interface (Liu et al., 2014)).

The same as water velocity, daily water flow also exhibited a linear
relationship to RH (Fig. 7). The ratio of daily water flow at the bottom
(RH=0) to that at the surface (RH=1) (Flowratio) ranged from 0.71
on 26 February 2016 to 0.76 on 12 August 2014, with a mean of 0.73
(Fig. 7). By setting the Flowratio to 0.73, we obtained the vertical dis-
tribution of daily water flow at station S1, shown as Eq. (5):

= × × + <x x pD( ) D1 (0.27 0.73), 0.01 (5)

where, x denotes RH, D(x) is the daily water flow at depth x, and D1 is
the daily water flow at the surface (RH=1). Furthermore, the vertical
profile of monthly water flow can be described using Eq. (5). For 2008,
Tang et al. (2011) reported that the absolute difference in monthly
water flow at Xuliujing to that at Datong ranged only from 0.3% to
12.9%, with a mean of 5.98%. Without monthly water flow at Xu-
liujing, we used that at Datong (DDatong). We then obtained Eq. (6) as
follows:

= x dxDDatong D( )
0

1

(6)

4.4. Vertical distribution of TSM and POC

Due to suspended particle deposition and sediment resuspension,
the TSM concentration at Xuliujing showed high spatiotemporal var-
iation (Liu et al., 2014). On 22 August 2015, surface in-situ TSM con-
centration at the 26-h station S1 ranged from 15.5 to 42.17mg/L;
bottom in-situ TSM concentration ranged from 45.4 to 76.96mg/L; and
the daily mean ratio of bottom to surface TSM concentration (TSMB-S

ratio) was 2.12 (Fig. 8). As results, bottom POC concentration was
generally higher than that at middle depth, and POC concentration at
the middle depth, which was, in turn, generally higher than that at the
surface. On 22 August 2015, surface in-situ POC ranged from 0.37 to
1.04mg/L, with a mean of 0.57mg/L; POC at the middle depth ranged
from 0.47 to 0.9mg/L, with a mean of 0.67mg/L; and bottom POC
ranged from 0.72 to 1.0mg/L, with a mean of 0.8 mg/L.

In response to the dramatic decrease in suspended sediment export
from the Changjiang River over the past three decades, Liu et al. (2014)
reported that the average TSM concentration profile in the outer CRE
showed a uniform decline (25%). Despite this, the shape and TSMB-S

ratio of vertical TSM profile are mainly determined by local hydro-
dynamic processes and sediment features, and show little change (Liu
et al., 2014). The same as Lu (2015), we also used the negative ex-
ponential equation to describe the vertical distribution of TSM con-
centration at Xuliujing.

In the absence of field data, Whitehouse et al. (2000) suggested a
TSMB-S ratio of 3 in estuary. Based on 4-d in-situ data from July 2012
and July 2013, Lu (2015) reported daily mean TSMB-S ratios at Xu-
liujing of 1.98, 2.65, 2.84, and 3.11, respectively. For our in-situ data in
3 days during 2014 to 2016, the daily mean TSMB-S ratios at station S1
were 1.29, 1.51, and 2.12, respectively (Fig. 8). Averaging these seven
values, we set the daily mean TSMB-S ratio at Xuliujing to 2.21. By
fitting TSM to RH using an exponential function, we then obtained the
vertical TSM profile at Xuliujing, shown as Eq. (7):

= × × <x pTSM( ) 2.21 TSM1 e , 0.01x0.79 (7)

where, x denotes RH, TSM(x) is the TSM concentration at depth x, and
TSM1 is the TSM concentration at surface (RH=1). Further combining
the linear relationship between POC and TSM (Fig. 5), the vertical
profile of the POC concentration at station S1 can be expressed as Eq.
(8):

= × × + <x pPOC( ) (2.21 POC1 0.59) e 0.26, 0.01x0.79 (8)

where, x denotes RH, POC(x) is the POC concentration at depth x, and
POC1 is the POC concentration at the surface (RH=1), namely sa-
tellite-derived POC.

Fig. 6. Comparison between in-situ and modeled POC concentration in the CRE.
Modeled POC concentration was calculated from TSM, which was estimated
from in-situ remote sensing reflectance using Eq. (4).

Fig. 7. Vertical distributions of ADCP-derived water velocity at mooring station S1 on (a) 3 May 2014, (b) 12 August 2014, (c) 22 August 2015, (d) and 26 February
2016 (Fig. 1, Table 2). [v] is daily mean water velocity; [rh] is relative height to riverbed.
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4.5. Summary of POC flux algorithm

For a specific month, we calculated the mean surface POC con-
centration across Xuliujing from all hourly GOCI-derived TSM in the
month (Section 4.2). For net water flow downward to the ocean, we
used the value at Datong. By combining the water flow (Eq. (5)) and
POC concentration (Eq. (8)) profiles, monthly POC flux at Xuliujing was
then calculated using Eq. (9):

= ×x x dx[POC Flux] POC( ) D( )
0

1

(9)

where, x denotes RH, POC(x) is defined in Eq. (8), and D(x) is defined in
Eq. (5).

5. Satellite-derived results

5.1. Validation of GOCI-derived POC concentration

The developed algorithms were applied to derive surface POC
concentration from the GOCI satellite data. To validate the satellite-
derived POC, we referred to the method proposed by Bailey and
Werdell (2006). For the highly dynamic CRE, however, we extracted a
match-up dataset in a time window of± 0.5 h and space window of
3× 3 pixels from in-situ POC measurements:

1) For each in-situ POC measurement, we first extracted valid satellite-
derived POC concentrations within the 3× 3-pixel box centered on
the sampling position if the time difference between GOCI ob-
servation and in-situ sampling was<0.5 h.

2) In the 3×3-pixel box, if valid pixels were larger than 50% (>4),
we calculated the mean and standard deviation (SD) of all valid
pixels and deleted those outside the range of the mean ± 1.5× SD.

3) When the variation coefficient (CV, SD divided by the mean value)
of the remaining pixels was< 0.15, the mean value of the remaining
pixels was adopted.

For all in-situ POC measurements, only 27 valid match-ups were
found. Fig. 9a shows the comparison results, with an AAE of 0.17mg/L
and RMSE of 0.22mg/L. To obtain further more validation data, we
also calculated underway POC concentration from underway turbidity
using the linear correlations between POC and TSM concentration
(Fig. 5) and between TSM and water turbidity (Fig. 3). For a specific
satellite-derived POC concentration, only the underway POC with a
minimum space-time difference was used for matching. By following

the same match-up steps for in-situ POC, a total of 696 match-ups for
underway POC were found. Fig. 9b shows the comparison results, with
an AAE of 0.12mg/L and RMSE of 0.16mg/L. Considering the highly
dynamic and extremely large range of POC in the CRE, the estimation
results were satisfactory, with an ARE of 25.25% for in-situ POC and
19.93% for underway POC (Fig. 9).

5.2. Hourly and monthly surface POC concentrations

Fig. 10 shows the hourly satellite-derived surface POC concentra-
tions in the CRE on 1 March 2016. The POC concentrations at stations
S1 and S2 varied with tidal height, starting high at low tide, then de-
creasing with rising tide, and increasing with ebbing tide (Figs. 1, 10).
For general spatial distribution, the POC concentration in near-shore
water was higher than that in off-shore water; the POC concentration in
the North Branch was higher than that in the South Branch (Figs. 1, 10).
Along the station S1-S2-S3 section (Fig. 1b), the MTZ exhibited the
maximum POC concentration. On 1 March 2016, the mean satellite-
derived POC concentrations was 0.59mg/L, 0.68mg/L, and 0.54mg/L
at stations S1, S2, and S3, respectively, from the river mainstream to
off-shore (Figs. 1, 10). In general, water area with high POC con-
centration changed hourly and was intimately related with tidal rhythm
(Fig. 10). Near-shore water with high POC concentration diffused with
the ebbing tide.

Monthly mean POC in the CRE was also calculated from all hourly
GOCI-derived POC concentrations in a specific month (~240 scenes per
month), with results shown in Fig. 11. The highest POC concentrations
were usually located at the MTZ or North Branch. From May 2015 to
April 2016, annual mean POC concentration was 0.71mg/L at station
S1, 0.95mg/L at station S2, and 0.48mg/L at station S3. Moreover,
POC concentrations in the winter months (November to January) were
significantly higher than those in the summer months (May to July)
(Fig. 11). At station S1, monthly mean POC concentration increased
from 0.46mg/L in July 2015 to 1.29mg/L in December 2015, and then
decreased to 0.57mg/L in April 2016. Monthly POC concentration at
station S2 also showed similar seasonal variations as that at station S1,
with a maximum of 1.86mg/L in January 2016.

5.3. Monthly POC flux at Xuliujing

Monthly POC fluxes using full resolution satellite data at different
times were greatly varied, especially in December (Fig. S3 in the
Supplementary material file). In December 2015, the maximum POC
flux was 2.27 times of the minimum value (Fig. S3). Therefore, we

Fig. 8. Vertical distribution of daily mean TSM concentration at the mooring station S1 at Xuliujing on: (a) 22 August 2015; (b) 26 February 2016.
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calculated monthly POC flux at Xuliujing with the monthly water flow
at Datong using Eq. (9). By multiplying average in-situ POC con-
centration at three depths by monthly water flow at Datong, as per
Wang et al. (2012) (Section 3.1.2), we also calculated monthly POC flux
at Datong for comparison. Fig. 12 shows the monthly POC flux histo-
grams at Xuliujing and Datong from May 2015 to April 2016.

Monthly POC flux was 0.071 ± 0.022 Tg C at Xuliujing and
0.056 ± 0.025 Tg C at Datong, respectively (Fig. 12). Generally, the
POC fluxes at Xuliujing and Datong followed similar seasonal varia-
tions, with high values in the wet season and low values in the dry
season. However, POC fluxes at Xuliujing were higher than those at

Datong in most months, especially in winter. In January 2016, POC flux
at Xuliujing was 2.43 times that at Datong (Fig. 12). The higher values
at Xuliujing might be due to sediment resuspension, which is significant
in the winter months (Fig. 11). From May 2015 to April 2016, POC flux
at Xuliujing was 22.64% higher than that at Datong. But for some
specific months in the wet season, POC fluxes at Xuliujing were lower
than those at Datong. For examples, POC flux at Xuliujing was 3% lower
than that at Datong in July 2015 and significantly lower than that at
Datong in April 2016 (Fig. 12). We found that precipitation in April
2016 was high in the middle and lower regions of Changjiang River,
which might flush substantial amounts of terrestrial organic matter into

Fig. 9. Comparisons between satellite-derived POC concentration and (a) in-situ POC concentration and (b) underway POC concentration calculated from underway
turbidity.

Fig. 10. Hourly surface GOCI-derived POC concentrations on 1 March 2016. Last panel shows 8-h variations of GOCI-derived POC at stations S1 and S2 and their
comparisons with diurnal tidal height. Stations S1 and S2 were located at Xuliujing and North Channel outlet, respectively (Fig. 1b). Tidal height data were from the
NMIC/SOA.
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the river and elevate the POC concentration at Datong.

6. Discussion

6.1. Sensitivity analysis of POC flux to water flow and POC profiles

Zhang et al. (2014) reported a POC flux of 1.88 Tg C/yr in Chang-
jiang River using biweekly in-situ POC data (surface, middle depth, and
bottom) collected at Datong from June 2006 to July 2007. However,
based on monthly surface in-situ POC concentrations at Xuliujing in
2006, Lin (2007) reported a POC flux of only 1.04 Tg C/yr. This lower
reported POC flux at Xuliujing may be because resuspended bottom
POC was not considered. In the current study, sediment resuspension
was significant and an important POC contributor at Xuliujing (Fig. 8).
Total POC flux was 0.86 Tg C at Xuliujing, but only 0.68 Tg C at Datong
from May 2015 to April 2016 (Fig. 12).

In Section 4.3, we used the linear equation to describe the water
flow profile at Xuliujing from the bottom to the surface (Flowratio). With
a constant TSMB-S ratio of 2.21 (Section 4.4), Fig. 13a shows the impact
of the water flow profile on monthly POC flux estimation. Compared
with monthly mean POC flux using a Flowratio of 0.73 (Section 4.3),
average relative deviation (ARD) of POC flux ranged from −6.41%

Fig. 11. GOCI-derived monthly mean POC concentrations from May 2015 to April 2016 in the CRE. For a specific month, monthly mean POC was calculated from
hourly GOCI-derived POC.

Fig. 12. Monthly POC fluxes at Xuliujing and Datong from May 2015 to April
2016. Monthly water flow at Datong was from the MWRC.
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(Flowratio of 0.63) to 6.41% (Flowratio of 0.83) and increased with
Flowratio (Fig. 13a). At Xuliujing, in-situ Flowratio ranged from 0.71 to
0.76 (Section 4.3), thus POC flux was not sensitive to the water flow
profile (Fig. 13a).

The POC concentration profile was described by the exponential
function (Section 4.4). With a constant Flowratio of 0.73 (Section 4.3),
Fig. 13b shows the impact of the POC concentration profile on monthly
POC flux estimation. Compared with monthly POC flux using a constant
TSMB-S ratio of 2.21 (Section 4.4), the ARD of POC flux ranged from
−19.21% (TSMB-S ratio of 1.21) to 15.55% (TSMB-S ratio of 3.21), and
increased with TSMB-S ratio (Fig. 13b). At Xuliujing, the in-situ TSMB-S

ratio ranged from 1.29 to 3.11 (Section 4.4). Therefore, the POC con-
centration profile did not show significant impacts on monthly POC flux
estimation (Fig. 13b).

6.2. Impact of environment factors on POC variation

6.2.1. POC from Changjiang River
The POC concentration in the CRE is greatly influenced by water

and sediment fluxes from Changjiang River (Feng et al., 2014; Li and
Zhang, 1998; Shen et al., 2013). On the one hand, large riverine water
flow strengthens water stratification and weakens vertical mixing (Shen
et al., 2013), contributing to the low POC concentration in the wet
season in the outer CRE (Figs. 11, 12). Based on satellite-derived TSM
concentration from 2003 to 2010, Shen et al. (2013) also reported a
lower TSM concentration in the dry season than that in the wet season
in the South Branch of Changjiang River, except for the drought year
2006. On the other hand, basin and riverbed erosion add POC to the
CRE (Xu and Milliman, 2009). In our study, with higher water flow, the
POC concentration in Changjiang River was generally higher in the wet
season (Fig. 14). Jiang et al. (2013) reported a high TSM export from

Changjiang River during the wet season, and thus a large POC source to
the CRE.

The impacts of POC from Changjiang River on seasonal POC var-
iation at Xuliujing have weakened in recent years. After construction of
the three gorges dam (TGD), the ratio of mean TSM concentration in the
wet season to that in the dry season (W-Dratio) at Datong has ex-
ponentially decreased from 2001 to 2016 (R2= 0.52, p < 0.01). The
meanW-Dratio was 2.62 from 2001 to 2005, but 1.48 from 2012 to 2016
(data from the MWRC). For the studied year from May 2015 to April
2016, the W-Dratio was only 1.18 (Fig. 14). Based on monthly mean in-
situ POC from 2003 to 2011, Wu et al. (2015) also reported significantly
higher POC at Xuliujing in the wet season than that in the dry season
before 2005, but not after 2005, though the situation was reversed in
some years, including 2006, 2008, and 2010. Considerable POC from
Changjiang River also contributed to the high POC values at Xuliujing
in December 2015 and January 2016 (Fig. 14).

6.2.2. Wind speed
In the CRE, wind in winter is generally stronger than that in

summer. For the studied months, monthly mean wind velocity (at 10-m
height, same below) at station S1 was 1.95m/s in winter (from
November 2015 to January 2016) and 1.6m/s in summer (from May to
July 2015) (Fig. 15a). At station S2, monthly mean wind velocity was
4.08m/s in winter, but 2.37m/s in summer (Fig. 15b).

Wind can enhance sediment resuspension and vertical mixing (He
et al., 2013). In winter, strong wind strengthens tidal currents, leading
to intensive sediment resuspension (Jiang et al., 2013; Xue et al., 2009).
In the CRE, monthly POC concentration had similar variations with
wind speed (Fig. 15). At station S1, monthly mean POC concentration
was 1.12mg/L in winter, but 0.51mg/L in summer (Fig. 15a); at station
S2, it was 1.71mg/L in winter, but 0.55mg/L in summer (Fig. 15b). At
both stations S1 and S2, POC concentrations were positively correlated
with wind speed at 10-m height, especially at station S2 (N=12,
R2= 0.61, p < 0.01). Moreover, the impact of wind on the increase in
POC concentration was more significant at S2 than that at S1 (Fig. 15).
There might be three explanations for this. First, compared with station
S2, the wind speed at station S1 was weakened by the land surface.
Second, water depth was ~12m at station S1 but only ~8m at station
S2, and thus sediment resuspension and vertical mixing were more
significant at station S2 than that at station S1. Third, station S2 was
located in the MTZ, where the riverbed was covered by easily re-
suspended sediment.

In the present study, wind also affected POC distribution in the CRE
by driving water movement. In winter, the prevailing northwest wind
causes the Jiangsu Coastal Current to flow southeastward; in summer,
the prevailing southeast wind assists the Taiwan Warm Current in
flowing northwestward (Shen et al., 2013). The Jiangsu Coastal Current
is associated with high POC concentration, whereas the Taiwan Warm
Current is not (Liu, 2013). These water current movements further
contributed to the seasonally higher POC concentration in winter than
that in summer in the outer CRE (Fig. 11).

6.2.3. Tidal processes
Water flow velocity and direction, water level (Xue et al., 2009),

and TSM concentration (Chen et al., 1999) are all affected by irregular
semi-diurnal tidal processes in the CRE. Surface POC concentration at
stations S1 and S2 also changed along with water velocity (Fig. 16).
With high water velocity, bottom sediment was resuspended and dis-
persed to the water surface. As a result, surface POC concentrations at
stations S1 and S2 were high with high water velocity, especially at
station S2 (Fig. 16). Conversely, surface POC concentrations at stations
S1 and S2 were low with low water velocity, resulting from suspended
particle deposition to the bottom (Fig. 16). Sediment resuspension and
suspended particle deposition were related to tidal rhythms (Fig. 16), as

Fig. 13. Sensitivity analysis of POC flux at Xuliujing to (a) water flow profile
with a constant TSMB-S ratio of 2.21 and (b) POC concentration profile with a
constant Flowratio of 0.73.
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were diurnal variations in POC concentration. What is noteworthy is
that seawater intrusion from the North Branch was limited. Moreover,
intrusion water from the North Branch with high POC concentration
flows downstream without reaching station S1 (Xue et al., 2009). The
significant linear relationship between monthly mean POC at station S1
and that at Nantong (with R2= 0.99 and N=12) further confirmed
this.

Surface POC concentration decreased during the late period of tidal
ebbing and early period of tidal flooding with low water velocity; the
same pattern was observed during the late period of tidal flooding and
early period of tidal ebbing (Fig. 16). At maximum ebb and flood,
surface POC concentrations increased to maximum values. POC con-
centration reached the maximum about 1 h after maximum water ve-
locity for station S1, and about 2 h for station S2 (Fig. 16). Moreover,
the impact of tidal processes on POC concentration at station S2 was

more significant than that at station S1 (Fig. 16). Due to tidal processes,
diurnal POC concentration at station S1 ranged from 0.55 to 0.72mg/L,
with a difference of 30.75% (Fig. 16a); diurnal POC concentration at
station S2 ranged from 0.76 to 1.97mg/L, with a difference of 160.29%
(Fig. 16b). For the MTZ in the CRE, Jiang et al. (2013) also reported
that the spring/neap tidal cycle played a more important role in TSM
concentration than the seasonal cycle. In summary, diurnal variations
in POC concentration were majorly impacted by tidal processes in the
CRE.

7. Conclusions and implications

Due to suspended particle deposition and sediment resuspension,
POC concentration shows high spatiotemporal variations in the CRE. In
this study, we developed an algorithm to derive POC from geosta-
tionary satellite GOCI data. At Xuliujing, we described the vertical
profile of water flow velocity using a linear equation, and the POC
concentration profile using an exponential function. By combining
these, monthly POC fluxes from May 2015 to April 2016 were calcu-
lated. Due to sediment resuspension, monthly POC flux at Xuliujing was
usually higher than that at Datong, with an annual mean of 22.64%.
With decreasing seasonal differences in the POC from Changjiang River,
the monthly and diurnal variations of POC in the CRE were mainly
impacted by wind speed and tidal processes, respectively.

With long-term archived GOCI data and water flow at Datong, the
proposed algorithms can be applied to estimate both past and future
monthly POC fluxes at Xuliujing. Moreover, our method for POC flux
estimation can also be applied to other rivers, which should enrich the
time-series data for understanding riverine carbon transport and the
corresponding mechanism under human activities and climate change.
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Fig. 14. Time series of TSM concentrations at
Datong and Xuliujing. Monthly mean TSM at Datong
from the MWRC was the re-analysis value based on
the relationship between water flow and sediment
flux. In-situ TSM data at Datong in 2006 and 2009
were from Zhang et al. (2014) and Wang et al.
(2012), respectively. In-situ TSM concentrations at
Xuliujing in different months from June 2003 to July
2011 were from Wu et al. (2015). Monthly mean
GOCI-derived TSM considered sediment resuspen-
sion at Xuliujing.

Fig. 15. Monthly mean POC concentration at stations (a) S1 and (b) S2 from
May 2015 to April 2016. Monthly average wind velocity was from the Remote
Sensing System (http://www.remss.com/). For positions of stations S1 and S2,
please refer to Fig. 1b.
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