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a b s t r a c t
Suspended particulate matter (SPM) is generally divided into inorganic (SPIM) and organic (SPOM) parts; they
come from different sources, and have different impacts on the optical properties and/or water quality of lake.
However, in a speciﬁc remote sensing process, they are not retrieved separately. Using in-situ data of 59 lakes
along the middle and lower reaches of the Yangtze River (MLR-YR) in dry season (April) and wet season (August)
in 2012, we ﬁrst studied the absorption properties and sources of different SPM. On this basis, we proposed
a workﬂow for simultaneously estimating SPIM and SPOM from satellite data. Our results are as follows: Biooptical compositions of SPM in these eutrophic shallow lakes tempo-spatially varied greatly and were dominated
by human-induced eutrophication. Phytoplankton contributed 18.42 ± 18.92% of SPIM and 26.22 ± 19.24% of
SPOM in April 2012, but 30.4 ± 23.41% of SPIM and 47.03 ± 18.1% of SPOM in August 2012. The trophic
state index explained 42.84% of SPOM variation in April 2012, and 54.64% in August 2012. Moreover, there
were strong linear relationships between SPIM concentration and non-algal particle absorption coefﬁcient
(Pearson's r = 0.73; p b 0.01) and between SPOM concentration and phytoplankton absorption coefﬁcient
(r = 0.76; p b 0.01). Based on these results, SPIM and SPOM concentrations in the lakes along the MLR-YR
could be retrieved from OLCI/Sentinel-3A satellite data, respectively. This study has a great signiﬁcance for
real-time monitoring and managing aquatic environment in various eutrophic and/or shallow lakes as a group.
© 2019 Elsevier B.V. All rights reserved.
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Suspended particulate matter (SPM) is a major factor in reducing
water transparency, changing underwater light ﬁeld, and affecting
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primary productivity (Cao et al., 2017; Gernez et al., 2014). SPM also affects the distributions of aquatic vegetation and light-dependent
aquatic organisms, and has important scientiﬁc and practical signiﬁcance on aquatic ecological environment (Duan et al., 2009b). In lakes,
especially the shallow ones that are the most abundant type in the
global landscape (Meerhoff and Jeppesen, 2009), wind-induced sediment resuspension plays an important role in controlling SPM concentration (Markensten and Pierson, 2003; Zhang et al., 2006). Meantime,
numerous lakes face eutrophication due to human activities (Duan
et al., 2014; Jiang, 2010; Lund, 1967). Among the 2058 lakes with
areas larger than 25 km2 globally, 63.1% are in eutrophic state (Wang
et al., 2018). As a result of eutrophication, phytoplankton production
grows sharply and even leads to algal bloom (Duan et al., 2009a; Kong
and Gao, 2005; Paerl et al., 2011). SPM includes organic (SPOM) and
inorganic (SPIM) parts. SPOM contains the organic fractions of phytoplankton, detritus, and bacteria, etc. (Liu, 2017). Resuspended sediment
is characterized by high SPIM content and low SPOM content, but on the
contrary for phytoplankton. Moreover, biochemical decomposition of
SPOM will lead to oxygen depletion, poor water quality, and even ﬁsh
death (Kong and Gao, 2005; Paerl et al., 2011), but not for SPIM. Therefore, distinguishing the sources and proportions of SPIM and SPOM are
of great signiﬁcance for understanding the changing causes of water
transparency and quality.
As a scientiﬁc, rapid, and large coverage investigation tool, satellite
remote sensing has been widely applied to monitor aquatic environment variables, such as SPM or turbidity (Hou et al., 2017; Shi et al.,
2015b; Zhang et al., 2016), phytoplankton (Duan et al., 2017; Gons
et al., 2002; Simis et al., 2005), and carbon cycle (Duan et al., 2014;
Jiang et al., 2015; Kutser et al., 2015). However, most of these studies
focused on only one or several large lakes (Duan et al., 2017; Feng
et al., 2012; Jiang et al., 2015; Kutser et al., 2015; Shi et al., 2015b),
and only few studies were on group lakes using empirical algorithms
(Duan et al., 2014; Hou et al., 2017). Moreover, none of these studies
focused on SPIM and/or SPOM individually up to now.
Satellite ocean color sensors, the moderate resolution imaging
spectroradiometer (MODIS) and medium resolution imaging spectrometer (MERIS), for examples, were often used to monitor lake environment (Eleveld, 2012; Feng et al., 2012; Shi et al., 2015b). However,
these sensors were not designed for monitoring water quality
(Toming et al., 2017). The ocean land color instrument onboard the
Sentinel-3 satellite series (OLCI/Sentinel-3) opened a new era of water
quality monitoring. With special spectral conﬁgurations in red and
near-infrared bands and high signal-to-noise ratios, OLCI/Sentinel-3A
is the ﬁrst ocean color sensor designed for monitoring water quality of
optically complex coastal and inland waters (Toming et al., 2017).
OLCI/Sentinel-3A and -3B were launched in October 2016 and April
2018, respectively. Sentinel-3C and -3D are to be launched from 2021
onwards (https://space.skyrocket.de/). OLCI/Sentinel-3 will be one of
the main sensors for monitoring inland waters within the next15
years (Shen et al., 2017).
To monitor SPIM and SPOM individually, we need to ﬁgure out absorption properties of suspended particles in eutrophic shallow lakes.
On the one hand, the absorption properties of various suspended particles are important in determining remote sensing signal, and in
distinguishing organic and/or inorganic matters (Bricaud et al., 2010;
Xue et al., 2017). On the other hand, absorption properties of suspended
particles are often related to water constituent concentrations, for examples, phytoplankton and non-algal particle (NAP) (Shi et al., 2013;
Xue et al., 2017; Ylöstalo et al., 2014). Knowing absorption variation
with environmental factors is a prerequisite for parameterizing biooptical models, such as the quasi-analytical algorithm (QAA) (Lee
et al., 1998, 2002), and developing robust remote sensing algorithms.
The middle and lower reaches of the Yangtze River (MLR-YR) is one
representative region with dense freshwater lakes in China (Ma et al.,
2010; Zhang et al., 2019), serving critical roles in supporting water resources (Hou et al., 2017). The MLR-YR region contains 18.57% of lakes
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in mainland China, among which 529 are larger than 1 km2 (Ma et al.,
2010). Most lakes along the MLR-YR are characterized as eutrophic
and shallow (Duan et al., 2014; Shi et al., 2013). To monitor suspended
particulate compositions in the lakes along the MLR-YR, we ﬁrst paid attention to bio-optical compositions of suspended particles in different
lakes and their relations to eutrophication. Then, we studied tempospatial variation of bio-optical compositions and impact factors on
such compositions. Finally, we proposed a remote sensing ﬂowchart
for simultaneously retrieving SPIM and SPOM in eutrophic and shallow
lakes along the MLR-YR.
2. Materials and methods
2.1. Study area
With a total drainage area of 1.8 × 106 km2 and length of 6300 km,
the Yangtze River (also known as “Changjiang River”) is the longest
river in Asia and third longest in the world (Duan et al., 2014; Liu
et al., 2015; Wang et al., 2012). With gentle gradient and wide watercourse, the most downstream river reach with length of ~1800 km is
collectively called the MLR-YR (Duan et al., 2014; Hou et al., 2017;
Wang et al., 2014; Zhang et al., 2014). Many lakes are located along
the mainstream of the Yangtze River (Fig. 1), and most of them are characterized as shallow (Guo and Li, 2003; Qin, 2004; Zhang et al., 2006).
Under extensive anthropogenic inﬂuences (Duan et al., 2014; Hou
et al., 2017; Wang et al., 2014), most lakes are also characterized by eutrophication and even suffered from serious water quality problem,
leading to decreasing available water storage, ﬁsh productivity, and
wetland vegetation coverage, etc. (Duan et al., 2014; Hou et al., 2017).
2.2. Field data collection
To investigate bio-optical compositions of suspended particles in the
lakes along the MLR-YR, two seasonal cruises were conducted in 2012.
In April 2012 (dry season), surface waters at 174 stations for 56 lakes
(2–4 stations per lake) were collected (Fig. 1). In August 2012 (wet
season), surface waters at 158 stations for 54 lakes were collected
(Fig. 1). Surface water (to 30 cm water depth at most) was sampled
using a Niskin sampler (General Oceanics Inc. USA). In each ﬁeldwork period, Secchi disk depth (SDD), indicating illuminance level as a function
of water depth, was also measured using a 20-cm-diameter disk painted
in black/white quarters (Preisendorfer, 1986).
2.2.1. Constituent concentrations
In-situ water samples were ﬁltered through pre-combusted (450 °C
for 6 h) Whatman GF/F ﬁlters (0.7-μm pore size and 47-mm diameter)
to collect SPM. To remove dissolved organic matter sorbed to particulate
matter, the SPM samples were washed with three 2.5–5.0 mL of puriﬁed
Milli-Q water by following NASA's protocols (Mueller et al., 2003). Total
SPM weight was determined gravimetrically with a precision of
0.01 mg by drying and weighing the SPM sample (40 °C for 6 h) more
than once (Strickland and Parsons, 1972). SPM samples were then
combusted (550 °C for 3 h) to remove SPOM, and weighed again to get
SPIM weight (Strickland and Parsons, 1972). By subtracting SPIM weight
from SPM weight, we obtained SPOM weight. Finally, we calculated their
concentrations by dividing SPM, SPIM, and SPOM weights by the ﬁltration volume.
In-situ water samples were ﬁltered through Satorius cellulose acetate
ﬁlters (0.45-μm pore size and 47-mm diameter) to collect chlorophyll a
(Chl-a). The ﬁltrate was also taken as total nitrogen (TN), total phosphorus (TP), and chemical oxygen demand (COD) samples. Using a Shimadzu
UV2401 Spectrophotometer, Chl-a concentration was spectrophotometrically determined by the standard spectrophotometric method (Knap
et al., 1994). After persulfate digestion, TN and TP concentrations were
measured through spectrophotometric analysis using the Shimadzu
UV2401 spectrophotometer (APHA, 1995). Chemical oxygen demand
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Fig. 1. Lakes in the MLR-YR region. The red points (●) denote sampled lakes in both April and August 2012, 51 in all. The green points (●) denote sampled lakes only in April 2012, 5 in all.
The blue points (●) denote sampled lakes only in August 2012, 3 in all. The dark points (●) denote sampled stations in July 2018, 80 in all. For more details, please refer to Table S1 in the
supplementary material ﬁle. The administrative province boundary dataset was sourced from the National Geomatics Center of China (http://ngcc.sbsm.gov.cn/).

(COD) was determined by the potassium permanganate-boiling method
(APHA, 1995).
2.2.2. Absorption coefﬁcients of suspended particulate compositions
In-situ water samples were also ﬁltered through Whatman GF/F
ﬁlters (without pre-combustion) to gather total suspended particle.
Using a Shimadzu UV2600 spectrophotometer, optical density of total
suspended particle (ODp) was determined by the quantitative ﬁlter
technique (Spinrad and Mitchell, 1990). The total suspended particulate
sample was then bleached with sodium hypochlorite to remove phytoplankton pigment to get NAP. Similarly to ODp, optical density of NAP
(ODd) was also measured. After measuring ODp and ODd, optical density
of a blank Whatman GF/F ﬁlter wetted with puriﬁed Mill-Q water
was also measured and taken as the baseline (Ma et al., 2006; Xue
et al., 2017).
After lab measurements, background noise was corrected by
subtracting corresponding optical density at 750 nm from ODp and
ODd, respectively. Using the method by Cleveland and Weidemann
(1993), we further corrected the path-length ampliﬁcation effect
caused by multiple scattering (Ylöstalo et al., 2014). After above corrections, we calculated absorption coefﬁcients of total suspended particle
(ap) and NAP (ad) (Cleveland and Weidemann, 1993; Ma et al., 2006;
Xue et al., 2017):
aiðλÞ ¼ 2:303  ODiðλÞ  A f=V

ð1Þ

where λ represents a speciﬁc wavelength from 350 to 750 nm, Af
denotes the effective ﬁltration area, and V denotes the ﬁltration
volume. Phytoplankton absorption coefﬁcient (aph) was then calculated by subtracting ad from ap. The speciﬁc absorption coefﬁcients
of NAP (a d⁎(λ)) and phytoplankton (a ph⁎ (λ)) were calculated by
dividing ad and aph by SPIM and Chl-a concentrations, respectively
(Bricaud et al., 1998, 2010; Ma et al., 2006; Xue et al., 2017;
Ylöstalo et al., 2014).

2.2.3. Validation datasets
In July 2018, a cruise was also conducted to survey bio-optical
properties of suspended particles in the lakes along the MLR-YR
(Fig. 1). In-situ SPIM, SPOM, ad, and aph data were collected. All these
variables were measured by following the methods described above. In
sum, samples at 80 stations were collected (Fig. 1).
When collecting water samples, remote sensing reﬂectance of water
surface (Rrs) was also measured using an ASD FieldSpec Spectroradiometer
(USA). Rrs was only measured from 8:00 a.m. to 4:00 p.m. and under clear
sky or stable solar illumination. As a result, Rrs was only measured at 58
stations. For details about Rrs measurement, please refer to Mueller et al.
(2003).
2.3. Satellite products and processing
Daily surface vector wind at 10-m height on the sampling day was
obtained from the gridded cross-calibrated multi-platform (CCMP)
wind product with spatial resolution of 0.25° × 0.25°. The CCMP data
was produced by combing satellite microwave winds and instrument
observations (Atlas et al., 2011). Level 3.0 CCMP V2.0 product was
downloaded from the Remote Sensing System (http://www.remss.
com/). This product contains surface vector winds at 00:00, 06:00,
12:00, and 18:00. For a speciﬁc lake, mean wind of the sampling day
was calculated by averaging winds at the four times.
Two scenes of cloud-free OLCI/Sentinel-3A data on 13 and 22 July
2018, covering the MLR-YR region, were downloaded from the
European Space Agency Copernicus Open Access Hub (https://scihub.
copernicus.eu/). For details about atmospheric correction, algal bloom
masking and other preprocessing for the OLCI/Sentinel-3A data, please
refer to Shen et al. (2017).
One scene of cloud-free satellite data by MODIS onboard the Terra
satellite (MODIS/Terra) on 13 July 2018, covering Lake Taihu (Fig. 1),
was downloaded from NASA/Goddard Space Flight Center (GSFC,
http://oceancolor.gsfc.nasa.gov). From it, we produced atmospherically
Rayleigh-corrected reﬂectance using the SeaWiFS data analysis system
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(SeaDAS, V6.0) by NASA and remote sensing reﬂectance using the
method in Shi et al. (2015b).
2.4. Statistic population density and ﬁsh catch
Same as Mendonca et al. (2017), the watershed extent of each
surveyed lake was identiﬁed through the WWF HydroBASINS tool provided by the USGS (www.hydrosheds.org). In the lake watershed extent
deﬁnition, the HydroSheds dataset was processed with a user-friendly
graphical interface. The lake watershed extent was then used to calculate mean population density. In this study, we used gridded population
density data in 2010 with spatial resolution of 1000 m × 1000 m from
the Global Change Research Data Publishing and Repository System
(http://www.geodoi.ac.cn).
We also obtained lake aquaculture area and annual ﬁsh catch data in
2012 from the China agricultural statistical yearbook (http://data.stats.
gov.cn). Then, we calculated annual ﬁsh catch per hectare in different
provinces (Fig. 1).
2.5. Trophic state index
There are many mathematical methods for assessing lake eutrophication level (Wang et al., 2002 and references therein). For Chinese
lakes, we used the trophic state index (TSI) as others (Jin, 1995; Wang
et al., 2002; Zhang et al., 2010). The TSI is deﬁned in Eq. (2).
TLI ¼

m
X
j¼1

W j  TLIð jÞ; W j ¼ r j2 =

m
X

r j2

j¼1

TLIðTNÞ ¼ 10ð5:453 þ 1:694 ln ðTNÞÞ
TLIðTPÞ ¼ 10ð9:436 þ 1:624 ln ðTPÞÞ
TLIðChl‐aÞ ¼ 10ð2:5 þ 1:086 ln ðChl‐aÞÞ
TLIðCODÞ ¼ 10ð0:109 þ 2:66 ln ðCODÞÞ
TLIðSDDÞ ¼ 10ð5:118−1:94 ln ðSDDÞÞ

ð2Þ

In TSI calculation, TN, TP, Chl-a, COD, and SDD were used. Pearson's
correlation coefﬁcients (rj) of TN, TP, Chl-a, COD, and SDD to Chl-a were
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used to calculate the weight (Wj), respectively. With TSI values of b30,
30–50, 50–60, 60–70, and N70, lake was characterized by oligotrophic
(O), mesotrophic (M), light eutrophic (lE), middle eutrophic (mE),
and hyper eutrophic (hE), respectively (Jin, 1995).
3. Results
3.1. Aquatic environment scenery
Environment variables of water depth, TN, TP, Chl-a, SDD, and COD
in the lakes along the MLR-YR covered wide ranges (Fig. 2). Mean ±
std of water depth for all surveyed lakes was 1.99 ± 1.01 m in April
2012, but 3.21 ± 1.51 m in August 2012. In April 2012, the maximum
TN, TP, Chl-a, SDD, and COD were 14.04, 39, 442.95, 20, and 4.72 times
of the minimum values, respectively (Fig. 2). In August 2012, the maximum TN, TP, Chl-a, SDD, and COD were 7.13, 38, 36.64, 8.85, and 4.26
times of the minimum values, respectively (Fig. 2). On the whole,
water quality in August 2012 was worse than that in April 2012.
Eutrophication was the general aquatic environment problem for
the lakes along the MLR-YR. In April 2012, the TSI at sampled stations
ranged from 31.17 to 75.38, with mean ± std of 52.11 ± 9.49
(Fig. 2f); in August 2012, the TSI at sampled stations ranged from
42.52 to 78.65, with mean ± std of 61.84 ± 8.22 (Fig. 2l). For the 56
surveyed lakes in April 2012, 24 were mesotrophic (M), 19 were light
eutrophic (lE), 12 were middle eutrophic (mE), and one was hyper eutrophic (hE) (Fig. 3a, Supplementary Table S1). For the 54 surveyed
lakes in August 2012, ﬁve were mesotrophic, 17 were light eutrophic,
24 were middle eutrophic, and up to eight were hyper eutrophic
(Fig. 3b, Table S1). In general, lake eutrophication along the MLR-YR
was time-dependent and more serious in summer.
Lake eutrophication along the MLR-YR was also spatially varying.
Most middle- and hyper-eutrophic lakes were located in Hubei and
Jiangsu provinces, especially in August 2012 (Fig. 3a, b). For all sampled
stations in August 2012, mean ± std of TSI were 65.5 ± 7.56, 52.08 ±
7.91, 58.5 ± 5.8, and 59.16 ± 6.08 in Hubei, Jiangxi, Anhui, and Jiangsu
provinces, respectively. It is worth noting that lake eutrophication was

Fig. 2. Box-plots of different in-situ variables in different seasons: (a) TN, (b) TP, (c) Chl-a, (d) SDD, (e) COD, and (f) TSI in April 2012; (g) TN, (h) TP, (i) Chl-a, (j) SDD, (k) COD, and (l) TSI in
August 2012.
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Fig. 3. Trophic levels in different lakes and seasons. (a) Trophic levels in April 2012; (b) trophic levels in August 2012; (c) mean lake areas in different trophic levels; (d) linear relationship
between TSI and logarithmic lake area. M: mesotrophic lake; lE: light eutrophic lake; mE: middle eutrophic lake; hE: hyper eutrophic lake.

negatively correlated with lake area. With increasing trophic levels,
average lake area decreased in both April and August 2012 (Fig. 3c).
There was negative linear relationship between TSI and logarithmic
lake area in both seasons, with Pearson's r = −0.43 (p b 0.01, 2-tailed
test) in April 2012 and r = −0.55 (p b 0.01) in August 2012 (Fig. 3d).
3.2. Bio-optical properties of suspended particles differed by trophic state
Both SPIM and SPOM concentrations in the lakes along the MLR-YR
covered large ranges. In both seasons, in-situ SPM ranged from 1.39 to
129.67 mg/L, with mean ± std of 20.35 ± 14.9 mg/L; in-situ SPIM
ranged from 0.4 to 120.53 mg/L, with mean ± std of 12.92 ±
13.13 mg/L; and in-situ SPOM ranged from 0.68 to 23.44 mg/L, with
mean ± std of 7.48 ± 4.16 mg/L. Note that SPIM was strongly linearly
correlated with SPM (r = 0.91 and p b 0.01), and determined SPM
variation (Fig. 4a). However, both SPIM and SPOM were important
components of SPM. For SPM at all in-situ stations, SPIM accounted for
56.39 ± 18.73% and SPOM accounted for 43.75 ± 18.65%. SDD in the
lakes along the MLR-YR was also co-determined by SPIM and SPOM.
There were power relations between SDD and SPIM (r = 0.86, p b 0.01)
and between SDD and SPOM (r = 0.66, p b 0.01), respectively
(Supplementary Fig. S1).
With increasing wavelength λ, ad exponentially decreased and aph
presented two absorption peaks around 443 and 674 nm (Supplementary
Fig. S2). Moreover, phytoplankton absorption coefﬁcient at 443 nm
(a ph (443)) was generally higher than that at 674 nm (aph(674))
(Fig. S2). Hence, aph(443) and NAP absorption coefﬁcient at 443 nm
(ad(443)) were used to study optical properties of suspended particles
in the lakes along the MLR-YR. There were strong linear correlations between absorption coefﬁcients (ad(443) and aph(443)) and suspended
particulate concentrations (SPIM and SPOM); ad(443) was strongly correlated with SPIM, with r = 0.73 and p b 0.01 (Fig. 4c); and aph(443)
was strongly correlated with SPOM, with r = 0.76 and p b 0.01
(Fig. 4d). Therefore, the same as SPIM and SPOM concentrations,

a d (443) and aph(443) also covered wide ranges. Moreover, both ad*
(443) and aph*(443) decreased with increasing SPIM and Chl-a,
respectively (Fig. 5a). Both r between ad*(443) and SPIM and between
aph*(443) and Chl-a generally increased from 400 to 700 nm (Fig. 5b).
Although with wide ranges, bio-optical properties of suspended particles in the lakes along the MLR-YR could be quantitatively described by
the TSI. All SPIM, SPOM, ad(443), and aph(443) generally increased with
increasing trophic levels from mesotrophic to light eutrophic, to middle
eutrophic, and further to hyper eutrophic in both April and August 2012.
With increasing trophic levels, for example, mean ± std of aph(443) was
0.53 ± 0.25 m−1, 1.43 ± 0.77 m−1, 3.11 ± 1.53 m−1, and 5.05 ±
0.82 m−1 in August 2012 for mesotrophic, light eutrophic, middle
eutrophic, and hyper eutrophic lakes, respectively. For all in-situ stations
(N = 332), both ad(443) and aph(443) were exponentially related
to TSI, especially aph(443); for ad(443), r = 0.5 (p b 0.01); and for
aph(443), r = 0.83 (p b 0.01) (Fig. 4b).
3.3. Tempo-spatial variation of bio-optical compositions
Suspended particulate compositions in the lakes along the MLR-YR
varied tempo-spatially. For different provinces from upstream to downstream, both mean SPIM and SPOM concentrations increased in April
2012 (Fig. 6a, d). Mean SPIM was 8.43 ± 7.22, 9.39 ± 6.5, 15.7 ± 19.9,
and 17.07 ± 11.47 mg/L in Hubei, Jiangxi, Anhui, and Jiangsu provinces,
respectively (Fig. 6a); mean SPOM was 6.04 ± 3.66, 6.77 ± 1.49, 7.25 ±
3.27, and 8.03 ± 1.43 mg/L, respectively (Fig. 6d). However, both mean
SPIM and SPOM concentrations had high values in Hubei and Jiangsu
provinces, but low values in Jiangxi and Anhui provinces in August
2012 (Fig. 6a, d). Mean SPIM was 12.22 ± 9.29, 7.03 ± 3.49, 9.96 ±
8.07, and 16.44 ± 11.42 mg/L in Hubei, Jiangxi, Anhui, and Jiangsu provinces, respectively (Fig. 6a); mean SPOM was 10.36 ± 4.69, 3.74 ± 1.81,
4.14 ± 2.32, and 6.3 ± 3.93 mg/L, respectively (Fig. 6d).
Due to the strong linear relationships between ad(443) and
SPIM (Fig. 4c) and between aph(443) and SPOM (Fig. 4d), ad(443) and
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Fig. 4. Relationships between different bio-optical variables of suspended particles: (a) between SPM and SPIM; (b) between optical properties (ad(443) and aph(443)) and TSI;
(c) between SPIM and ad(443); (d) between SPOM and aph(443). In the curve ﬁttings, all paired in-situ data (N = 332) was used.

aph(443) showed similar spatial distributions as SPIM and SPOM,
respectively. More speciﬁcally, most lakes with high ad(443) and aph
(443) were distributed in Hubei and Jiangsu provinces, especially
around large cities such as Wuhan and Shanghai (Fig. 6). Almost all
sampled lakes around the Shanghai metropolis were characterized by
high ad(443) and aph(443) (Fig. 6). On the contrary, the lakes far from
cities were usually characterized by low ad(443) and aph(443) (Fig. 6).

4. Discussion
4.1. Impact factors on SPM compositions
The MLR-YR region is of international interest. First, it is one of the
most developed regions in China and has intensive human activities
(Cao et al., 2017; Feng et al., 2012; Zhang et al., 2019). Second, it

Fig. 5. Package effects of SPIM and phytoplankton. (a) The power functions between a⁎d(440) and SPIM and between aph⁎(443) and Chl-a. (b) The Pearson's r of the power functions at
different wavelengths.
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Fig. 6. Tempo-spatial distributions of bio-optical properties of suspended particles. (a) and (d) are mean SPIM and SPOM concentrations in different provinces, respectively. The ﬁlled
rectangle denotes mean value and the error line denotes standard deviation. Digitals in brackets denote in-situ sample size. (b) and (c) are mean in-situ ad(443) in April and August
2012, respectively. (e) and (f) are mean in-situ aph(443) in April and August 2012, respectively. For geographic information, please refer to Fig. 1.

contains numerous lakes and is an ideal area for studying various
lakes in a group (Hou et al., 2017; Ma et al., 2010; Wang et al.,
2014). Third, it not only contains turbid lakes with high suspended
sediment concentrations (the Lake Hongze and Lake Poyang, for
examples), but also includes eutrophic lakes with high phytoplankton production (the Lake Taihu and Lake Chaohu, for instances)
(Cao et al., 2017; Duan et al., 2017; Feng et al., 2011, 2012; Hou
et al., 2017).
Bio-optical properties in lakes are inﬂuenced by both human
activities and climatic factors (Duan et al., 2014, 2017; Feng et al.,
2012; Hou et al., 2017; Zhang et al., 2016). Being inﬂuenced by different
human-induced factors (population density in Supplementary Fig. S3
for example) and climatic factors (wind speed along with increasing
longitude in Supplementary Fig. S4 for instance), bio-optical properties
in different lakes varied greatly tempo-spatially and resulted in large
standard deviations (Section 3). Although SPIM explained 91% of SPM
variation (Fig. 4a), SPM compositions at different stations varied greatly.
For all in-situ stations, mass percent of SPOM in SPM ranged from
15.62% to 93.76% in April 2012, and from 7.88% to 93.87% in August
2012. For the eutrophic shallow lakes along the MLR-YR, phytoplankton
production and sediment resuspension were two important SPM
sources (Kong and Gao, 2005; Markensten and Pierson, 2003; Zhang
et al., 2006).

4.1.1. Human-induced eutrophication
Lake eutrophication varied spatially due to human activities. Population density in Jiangsu Province was signiﬁcantly higher than those in the
other three provinces (Supplementary Fig. S3). Moreover, lake aquaculture was the most active in Hubei and Jiangsu provinces. In 2012, annual
ﬁsh catch per unit area was 5.41, 4.87, 3.15, and 5.45 tons per hectare in
Hubei, Jiangxi, Anhui, and Jiangsu provinces, respectively (Section 2.4).
As a result, TSI and bio-optical properties of suspended particles showed
high values in Hubei and Jiangsu provinces, but low values in Jiangxi and
Anhui provinces in August 2012 (Figs. 3, 6).
Human-induced eutrophication increased phytoplankton production.
Human activities were primarily responsible for eutrophication and phytoplankton bloom in the lakes along the MLR-YR (Jin, 1995). Human activities including agricultural fertilizing (Bennett et al., 2001; Sharpley
and Meyer, 1994), sewage discharge (Paerl et al., 2011), aquaculture
(Guo and Li, 2003) would increase lake TN and TP concentrations. Both
TN and TP were important factors impacting phytoplankton production.
TN was moderately linearly related to Chl-a, with r = 0.48 (p b 0.01) in
April 2012 and r = 0.6 (p b 0.01) in August 2012 (Fig. 7a). TP was also
moderately linearly related to Chl-a, with r = 0.69 (p b 0.01) in April
2012 and r = 0.61 (p b 0.01) in August 2012 (Fig. 7b). For Lake Taihu,
Ai et al. (2014) reported that phosphorus was the key factor for regulating
phytoplankton community structure and that nitrogen was important for
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Fig. 7. Impact factors on suspended particulate compositions. (a) and (b) show the inﬂuences of TN and TP on phytoplankton production, respectively. (c) and (d) show the impacts of
phytoplankton production and wind speed on SPOM and SPIM concentrations, respectively. Mean wind speed on the sampling day was calculated by averaging wind speeds at 00:00,
06:00, 12:00, and 18:00 from the Level 3.0 CCMP V2.0 product (Section 2.3).

phytoplankton distribution. Therefore, to control phytoplankton production, it is necessary to manage both TN and TP from human activities
(Paerl et al., 2011; Xu et al., 2010).
Phytoplankton production was an important SPOM source for
the lakes along the MLR-YR. Compared with only 1.04 ± 1.07 μg/L of
Chl-a in oligotrophic Yungui Plateau lakes (Zhang et al., 2010), Chl-a
was higher in the lakes along the MLR-YR (Fig. 2c, i). With R2 = 0.42
(p b 0.01) for the linear relationship between SPOM and Chl-a, phytoplankton production could explain 42% of SPOM variation (Fig. 7c).
From the linear ﬁtting slope, we further derived that phytoplankton
with 1 μg of Chl-a contained 0.0495 mg of SPOM (Fig. 7c). Wang and
Wang (1984) reported that phytoplankton with 1 μg of Chl-a contained
a total of 0.862 mg of wet biomass in Lake Wuhandong, one of the lakes
in our study (Fig. 1, Table S1). By using the ratio of dry biomass to wet
biomass as 0.1 (Bum and Pick, 1996), we deduced that phytoplankton
with 1 μg of Chl-a contained a total of 86.2 μg of dry biomass, namely,
the total SPM. Based on the above reasoning, we estimated that
phytoplankton production contributed 18.42 ± 18.92% of SPIM and
26.22 ± 19.24% of SPOM in April 2012, but 30.4 ± 23.41% of SPIM and
47.03 ± 18.1% of SPOM in August 2012.
To quantitatively describe contributions of different drivers to
suspended particulate compositions, multiple general linear model
(GLM) regression was performed. Multiple GLM was often used to
explore possible contributions of impact factors (Tao et al., 2015; Tong
et al., 2017). From the multiple GLM results, we observed that TSI
explained 42.84% of SPOM variation in April 2012, and 54.64% in August
2012 (Table 1).
4.1.2. Wind-induced sediment resuspension
Wind also has important impacts on suspended particulate compositions. Chl-a was 40.12 ± 42.42 μg/L in April 2012, but 80.04 ± 56.78

μg/L in August 2012 (Fig. 2c, i). With lower impacts by phytoplankton
production in April 2012, both SPIM and SPOM had similar spatial distributions as mean wind speed on the sampling day, which generally increased from upstream to downstream (Fig. 6, Supplementary Fig. S4).
From the multiple GLM results, we observed that wind had signiﬁcant
effects on SPIM (p b 0.05) and explained 9.36% of SPIM variation in
April 2012 (Table 1).
Wind can intensify sediment resuspension, which plays an important role in the variation of SPM in shallow lakes (Giardino et al.,
2013; Qin, 2004; Xue et al., 2015), but water depth can weaken wind's
effects on sediment resuspension. In this study, we used the ratio of
wind speed to water depth (wind/depth) to discuss wind's effects on
sediment resuspension. Sediment is featured by high SPIM fraction
and low SPOM fraction; for example, organic matter content in
sediment was only 4.0% in Lake Taihu (Qin, 2004). In these cases,

Table 1
Multiple GLM results of the relationships between impact factors and suspended particulate compositions in April and August 2012. Pop: population density in lake watershed;
MS: mean squares; SS: proportion of variances explained by the variable.
Variables

TSI
Pop
Wind
Area
Depth
Residuals
⁎ p b 0.1.
⁎⁎ p b 0.05.

SPIM in April

SPOM in April

SPIM in August

SPOM in August

MS

SS
(%)

MS

SS
(%)

MS

SS
(%)

MS

SS
(%)

358.21⁎
333.04⁎
578.87⁎⁎
130.35
221.04
4562.52

5.79
5.39
9.36
2.11
3.57
73.78

203.73⁎⁎
0.42
0.01
16.41⁎
5.57
249.46

42.84
0.09
0.01
3.45
1.17
52.45

219.97⁎
7.17
187.17
89.71
122.32
3763.01

5.01
0.16
4.26
2.04
2.79
85.73

535.21⁎⁎
0.01
0.05
15.05
4.89
424.29

54.64
0.01
0.01
1.54
0.5
43.32
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Fig. 8. (a) Recommended ﬂowchart for monitoring SPM compositions using satellite data. ① and ② are linear equations between ad(443) and SPIM (Fig. 4c) and between aph(674) and SPOM,
respectively. (b) Pearson's r between ad(443) and SPIM and between aph(674) and SPOM at different wavelengths. Gray lines show the central wavelengths of OLCI/Sentinel-3A data.

SPIM was moderately positively related to the wind/depth ratio in April
2012, with r = 0.58 and p b 0.01 (Fig. 7d). However, no signiﬁcant relationship between SPIM and the wind/depth ratio was found in August
2012 (Fig. 7d). It might be because that wind was not strong enough
in August. For all sampled lakes in August 2012, mean ± std of wind
speed was only 2.98 ± 1.42 m/s. For the shallow Lake Markermeer in
the central Netherlands, Eleveld (2012) reported that sediment resuspension was not signiﬁcant under low wind speed (≤ 3 m/s). Moreover,
water depth in August (3.21 ± 1.51 m) was deeper than that in April
2012 (1.99 ± 1.01 m) in this study.

4.2. Implications for remote sensing of SPM compositions
4.2.1. Recommended framework
We recommend the OCLI/Sentinel-3 data. With full spatial resolution
of 300 m × 300 m, OLCI is suitable for monitoring various small lakes
along the MLR-YR (Table S1). The Sentinel-3A and -3B form a twosatellite monitoring network, which provides observations of the Earth
once every 1.5 days (Shen et al., 2017). With Sentinel-3C and -3D, higher
temporal resolution data for monitoring lakes will be achievable
(Section 1). High tempo-spatial resolution of OLCI/Sentinel-3 data was

Fig. 9. Validations of the modeled results. (a) For modeled SPIM and SPOM concentrations by in-situ ad(443) and aph(674). (b) For modeled SPIM and SPOM concentrations by in-situ Rrs.
(c) The relationship between OLCI-derived SPOM and MODIS-derived Chl-a. (d) The relationship between OLCI-derived SPM and MODIS-derived SPM.
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recommended for monitoring high tempo-spatially varied eutrophic
shallow lakes (Section 3).
For retrieving SPM compositions, we recommend two-step algorithms. The green, red, and near-infrared bands are able to characterize
the scattering properties of suspended particles, so they are usually used
to derive SPM (Feng et al., 2012; Hou et al., 2017; Petus et al., 2010; Shi
et al., 2015b). However, both scattering spectra of SPIM and SPOM
follow wavelength-dependent power-law function (Lyu et al., 2015),
so it is hard to differentiate them by using their scattering properties.
Based on the linear relationships between absorption properties and
SPM compositions (Fig. 4c, d), the absorption properties are good
choices. Moreover, two-step processes allow for identifying appropriate
algorithms for material with complex source variations (Jiang et al.,
2015). Therefore, we recommend the framework for retrieving SPM
compositions as shown in Fig. 8a.
4.2.2. Rationality and feasibility
In practice, ad(443) and aph(674) are recommended. Both SPIM
and phytoplankton have package effects, which mean speciﬁc light
absorption efﬁciency and should be calculated by dividing their light
absorption coefﬁcients by concentrations, respectively (Nelson et al.,
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1993; Xue et al., 2017). Because of package effects, increased SPIM and
Chl-a led to decreases in ad⁎ and aph⁎ (Fig. 5a). Pearson's r between aph
and SPOM did not show great difference from 400 to 700 nm (Fig. 8b),
but phytoplankton had strong absorption (Fig. S2b) and weak package
effect at 674 nm (Fig. 5b). Therefore, aph(674) is recommended as
other studies did (Ma et al., 2006; Oubelkheir et al., 2005; Shi et al.,
2013). Although SPIM also had strong package effects at short wavelengths, both SPIM's absorption (Fig. S2) and Pearson's r between ad
and SPIM decreased from 400 to 700 nm (Fig. 8b). To better distinguish
ad and aph, ad(443) is recommended as other studies did (Shi et al.,
2013; Xue et al., 2017; Ylöstalo et al., 2014).
Both ad(443) and aph(674) are optical variables, which can be
derived from remote sensing data using semi-analytical algorithms. Although the commonly used semi-analytical algorithms were developed
for ocean Case-I waters, they could be applied to inland Case-II waters
after local calibration, for example the QAA (Wang et al., 2009).
The semi-analytical algorithms developed for retrieving aph in eutrophic
inland waters by Gons et al. (2002) and Simis et al. (2005) were reported to be applicable to Lake Chaohu and Lake Taihu after local calibration (Wu et al., 2015). Then, using the linear relationships between
suspended particulate compositions and related optical properties

Fig. 10. Satellite-derived SPIM and SPOM concentrations in lakes along the MLR-YR. Two scenes of OLCI/Sentinel-3A data on 20 and 13 July 2018 were used. For spatial distributions of
different lakes, please refer to Fig. 1.
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(Fig. 4c, d), we could further calculate SPIM and SPOM concentrations,
respectively.
For the lakes along the MLR-YR, SPIM was strongly linearly related to
ad(443) (Fig. 4c), and SPOM was strongly linearly related to aph(674)
([SPOM] = 3.5 × aph(674) + 3.97, r = 0.79; R2 = 0.59, p b 0.01).
Using the in-situ data collected in August 2018 (Section 2.2.3), modeled
results were validated (Fig. 9a). For modeled SPIM using in-situ ad(443),
mean absolute percent difference (MAPD) was 36.6%; root mean square
error (RMSE) was 5.85 mg/L, and bias was −7.91% (Fig. 9a). For
modeled SPOM using in-situ aph(674), MAPD, RMSE, and bias were
36.95%, 3.65 mg/L, and −7.99%, respectively (Fig. 9a). The MAPD,
RMSE, and bias were deﬁned as in Cao et al. (2018). On the whole, the
modeled SPIM and SPOM using in-situ ad(443) and aph(674) were
acceptable.
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4.2.3. Application examples
For the lakes along the MLR-YR, a modiﬁed QAA proposed by Lee
et al. (2002) was used to derive ad(443) and aph(674) from Rrs. From
the in-situ Rrs in August 2018 (Section 2.2.3), SPIM and SPOM concentrations were estimated. Validation results are shown in Fig. 9b. For
modeled SPIM, MAPD, RMSE, and bias were 35.98%, 5.24 mg/L, and
−9.56%, respectively (Fig. 9b). For modeled SPOM, MAPD, RMSE, and
bias were 26.14%, 2.8 mg/L, and −5.38%, respectively (Fig. 9b). These
modeled results using in-situ Rrs were also acceptable.
The recommended ﬂowchart was also applied to OLCI-derived Rrs by
using OLCI/Sentinel-3A data (Fig. 10). Spatial distributions of OLCIderived SPIM and SPOM were similar to the in-situ results in August
2012, with high values in Hubei Province and low values in Jiangxi Province (Figs. 6, 10). Mean ± std of OLCI-derived SPOM (8.86 ± 2.14 mg/L)
was close to the in-situ results in August 2012 (7.89 ± 4.88 mg/L).
However, mean ± std of OLCI-derived SPIM (21.77 ± 6.61 mg/L) was
signiﬁcantly higher than the in-situ values in August 2012 (12.36 ±
9.67 mg/L). Two typhoons, Maria and Ampil, passed through the MLRYR on 12 and 22 July 2018, respectively (http://agora.ex.nii.ac.jp/).
High SPIM in July 2018 might due to strong wind-induced sediment
resuspension.
For the lakes along the MLR-YR, SPOM was linearly related to Chl-a,
with p b 0.01 (Fig. 7c). Due to no available in-situ data for validating
OLCI-derived SPIM and SPOM (Fig. 10), we compared them with Chl-a
and SPM derived by MODIS/Terra data. On 13 July 2018, MODIS/Terra
scanned Lake Taihu. We derived Chl-a and SPM from the MODIS/Terra
data using the local algorithms proposed by Shi et al. (2015a) and
Shi et al. (2015b), respectively. The comparison of results is shown
in Fig. 10. OLCI-derived SPOM was correlated with MODIS-derived
Chl-a, with r = 0.44 and p b 0.01 (Fig. 9c). OLCI-derived SPM was also
correlated with MODIS-derived SPM, with r = 0.6 and p b 0.01
(Fig. 9d). The low r values might be due to atmospheric correction error
in obtaining accurate remote sensing reﬂectance for inland water
(IOCCG, 2000). However, these linear relationships indicated the proposed ﬂowchart mat be used to derive SPM compositions from space.
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