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Remote sensing accuracy of the dynamic water environment under a changing environment due to climate and anthropogenic
impacts should be improved by a deep understanding of the absorption properties pertinent to the water body. Spectral variation
of suspended particulate material (SPM) absorption and its changing mechanism during flood periods of Poyang Lake were
analyzed in this study. Absorption coefficients were measured and determined by spectrophotometry using the quantitative filter
techniques (QFTs) based on field samples from July 12 to September 06, 2017. Two main optical active constituents (OACs) of
SPM including nonalgal and phytoplankton algal particulates were quantified and analyzed in detail. (e results suggested that,
during study periods, Poyang Lake exhibits an overall high level of suspended nonalgal detritus and algal concentration and lower
water clarity, showing a strong absorption by total suspended sediments that are closely related with the land-derived nonalgal
detritus material which varied significantly with diverse proportions of minerals and organic materials frommultiple sources. Due
to variations in phytoplankton community pigment composition, concentration, and package effect, there exists a difference
between optical absorption capacity on blue (440) and red (675) portions of bands, the former of which had an obvious en-
hancement due to the increased effect of accessory pigments in suspended phytoplankton particles from July to September.
Evidence also presented that the nonlinear dependency of specific phytoplankton particulate absorption on pigment concen-
tration for various trophic statuses in different periods could be unstable due to relative contributions of the package effect and
accessory pigments; this could bring uncertainties to the parameterization of optical models and remote sensing algorithms
proposed for accurate applications in lake water environment monitoring.

1. Introduction

Absorption coefficients of optical active constituents (OACs,
i.e., particulate and dissolved materials) play an important
role in the inherent optical properties (IOPs, i.e., absorption
and specific coefficients), largely determining the apparent
optical properties (AOPs, i.e., water leaving radiance and
remote sensing reflectance) in natural waters [1, 2].
(erefore, remote sensing inversion accuracy of the dynamic
water environment under a changing environment due to
climate and anthropogenic disturbances should be improved

by a deep understanding of the absorption properties per-
tinent to the water body under consideration [3–5].

Over past decades, variability in absorption coefficients
has been thoroughly documented in oceanic waters (the so-
called “Case 1”), where phytoplankton and their derivative
products (organic detritus and dissolved yellow substance,
arising by zooplankton grazing, or natural decay of the algal
cells) are optically dominant, and other components are
often assumed to covary with phytoplankton pigments
[6–10]. Due to the simple configuration of Case 1 waters,
single OAC models and algorithms based solely upon
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phytoplankton have performed satisfactorily in oceanic
waters [9, 11–13].

However, absorption coefficients can show significant
variability in space and time in inland waters, where non-
algal particles consist of minerals and nonliving organics
detritus such as feccal material or degrading phytoplankton
cells are not proportional to phytoplankton. (erefore,
models and algorithms based solely upon chlorophyll-
bearing biota are often invalid when applied to inland
waters that spread across different geographic regions
[14–16].

In recent years, there has been an increasing focus on the
environment responses of inland waters due to climate and
anthropogenic impacts, wherein spectral properties are very
often dominated by land-derived inorganic or organic
suspended particulate materials (SPMs) [17–22]. As the
largest fresh water lake in China, Poyang Lake is in a very
dynamic hydrological environment with the complex ben-
thic topography, and its water level is further fluctuated due
to frequent occurrence of extreme climate events such as
heavy precipitation and storms during flood periods [25];
besides, anthropogenic activities also impact the lake en-
vironment [17]. According to previous research, water
clarity of most of the lake region is between 0 and 2m and
sediment material concentration could vary between 2.6 and
220.19mg/L throughout the year [18]. (e water quality,
quantity, and aquatic conditions of Poyang Lake have great
impact on downstream, middle, and lower Yangtze River
and the East China seashore [17].

Many researchers have performed studies in this region,
and they provided valuable evidence of the optical properties
of suspended substances [23–25]. Chen et al. revealed that
the partition of organic and inorganic materials is helpful to
accurately determine the optical property of SPM [22].
Wu et al. confirmed the temporal and regional variability of
specific inherent optical properties due to different water
constituents [24], and the development of the regional SPM
model is fundamental for managing and protecting aquatic
ecosystems [25].

(erefore, the complex spectral behavior of suspended
sediments due to various OAC composition dynamics
under evolving hydrological conditions in a changing
climate still needs further investigation. Understanding
more of variability in IOPs and the processes acting to
change the optical behavior of suspended materials can be
helpful to improve the accuracy of water quality parameters
retrieval using remote sensing techniques for this complex
water environment. To establish regional satellite algo-
rithms aimed at evaluation of the content of suspended
materials across different time spans for this dynamic lake,
it is necessary to quantify the dependence of absorption
coefficients on their OAC concentration at feature wave-
lengths, exploring corresponding contribution effects on
the spectral change.

(e main objectives of this study are (1) to separate
absorption coefficients of suspended particulate materials in
Poyang Lake through controlled laboratory experiments
during the flood period, which may have its own charac-
teristics at this time, contributing to a better understanding

of the optical behavior of SPM absorption, and (2) to clarify
the changing mechanism for corresponding components of
absorption, which may facilitate improvements in the pa-
rameterization of remote sensing algorithms for the in-
terpretation of remote sensing information.

2. Materials and Methods

2.1. Study Area. Poyang Lake (115°47′–116°45′E,
28°22′–29°45′N) is situated at the lower Yangtze River basin
(Figure 1), with a subtropical monsoon climate and a mean
annual precipitation of 1680mm [26]. It is fed by tributaries
of five rivers of Ganjiang, Fuhe, Xinjiang, Raohe, and
Xiushui, connecting to and exchanging water with Yangtze
River through the lake mouth in the north. (e water level is
highly dynamic with significant fluctuations throughout the
year, with an extending water surface area (maximum to
4000 km2) during the flood period between April and
September and then shrinking during the dry period be-
tween October and March [27]. Meanwhile, the impact of
anthropogenic activities on the lake water environment such
as major hydrologic engineering and sand mining have
caught attentions and been reported [28, 29]. (erefore, the
lake water environment is under both natural and anthro-
pogenic influences, providing a wide range of IOPs and
OACs.

2.2. Sampling Details. (e present work was carried out on
boats, and a total of 55 water samples were collected in Lake
Poyang from July 12 to 19 and September 01 to 06 in 2017,
which is the representative time of flood periods when water
level is at a status of increasingly high. Considering the lake
geometry shape and hydrological flow directions, sample
points were at about 5 km intervals and sampling locations
were kept as same as possible between two survey periods; 15
samples were excluded in statistical analysis due to large
distance discrepancies and outliers beyond 2 standard de-
viations of the mean. At each location, water samples pre-
pared for the particulate absorption measurement were
collected from the surface to about 20 cm below in the
vertical direction, which were then stored in ice bags and
transported to the laboratory for determinations in time.
Water transparency was also recorded with the Secchi disk
(SD), and geographical locations of sample sites were po-
sitioned and navigated using handheld GPS (Figure 1).

2.3. Laboratory Measurements. In the laboratory, the ex-
traction and measurement of the chlorophyll a concentra-
tion (referred to as Chl.a) were made with acetone following
the SM 10200 H spectrophotometric method [15]. Total
suspended particulate material (SPM) concentrations were
measured gravimetrically on preweighed Whatman GF/F
filters after rinsing with distilled water.

Light absorption measurements were performed using
the standard procedure of the quantitative filter technique
(QFT) after the suspended particles concentrated onto
Whatman GF/F filters [7]. Optical density of particulate
matter was measured between 350 and 800 nm at 1 nm
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intervals with a dual-beam scanning spectrophotometer
with a blank 
lter saturated with distilled water as a refer-
ence. Nonalgal particle values were then determined after
pigment extraction with pure methanol [7]. Statistical
analysis was performed after measurements, descriptive
statistics, one-way ANOVA, and correlation analysis were
performed for Chl.a, SPM, and SD (Section 3), with null
hypothesis stating the means of all levels are equal and al-
ternative hypothesis stating the means of one or more levels
are di�erent at two periods. �e correlation coe�cient (R2)
is used to describe the strength of correlation using the guide
that Evans (1996) suggested: 0.00–0.19 (very weak), 0.20–
0.39 (weak), 0.40–0.59 (moderate), 0.60–0.79 (strong), and
0.80–1.0 (very strong) [30].

2.4. Analysis Methods. �e absorption spectra of SPM (ap)
are decomposed into nonalgal (aNAP) and phytoplankton
(aph) algal components. ap and aNAP were calculated by
converting total and extracted optical densities, respectively
(Equation (1)). �e absorption spectra for phytoplankton

(aph) were computed as the di�erence between ap and aNAP
(Equation (2)):

ap(λ) �
2.303 ODs(λ)−OD(null)[ ]

β Vf( )/Af
, (1)

aph(λ) � ap(λ)− aNAP(λ), (2)

where ODs(λ) is the sample absorbance, and the geometric
absorption path length of the suspended material was cal-
culated as Vf/Af, where Vf is the volume 
ltered (200ml) and
Af is the clearance area of the 
lter. �e path-length am-
pli
cation factor beta was assumed to be a constant value of
2 after the theoretical calculations of Roesler (1998), and null
point correction (OD(null)) was performed by normalizing
spectra to the average absorption measured between 740 and
750 nm assuming no wavelength dependence [31, 32].

�e absorption spectrum of nonalgal particles for each
sample was modeled from 380 to 600 nm with an expo-
nential function using the least-squares method, and the
absorption slope (S) of 40 samples was derived [33, 34]:
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Figure 1: Location of Poyang Lake in China and sample sites over the lake during study periods.
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aNAP(λ) � aNAP(440)e
(−S(λ−440))

, (3)

where S is the spectral slope, which can reveal relative
proportions of minerals and organic materials for detritus in
lake waters, because S values generally increase when
mineral content decreases [34].

(e absorption capacity of the phytoplankton algal
component aph(λ) per mass unit of algae can be expressed as
follows [33, 34]:

a
∗
ph(λ) �

aph(λ)

Chl.a · m2/mg
. (4)

As a∗ph(λ) usually changes due to package effects and
pigment composition variations, the relationship between
a∗ph(λ) and Chl.a can be expressed as a power function
[33, 34]:

a
∗
ph(λ) � A(λ) � [Chl.a]

−B(λ)
, (5)

where A and B are the wavelength-dependent, positive
parameters, with the exponent B representing the strength of
variations of a∗ph(λ).

3. Results and Discussion

(e range, average level of the SPM and Chl.a, and results of
one-way ANOVA are shown in Table 1. It could be seen that,
at the 0.05 level, the population means of SPM and Chl.
a were both significantly different between two periods.

SPM and Chl.a were higher in July than September,
representing a decreasing level of suspended sediments in
lake columns as water flooded during the study time.
Correspondingly, lower water transparency (SD) was ob-
served in July, indicating higher water absorption, which is
in accordance with previous research [17, 23, 24].

Although the SPM is with a low composition of phy-
toplankton biomass (indicated by low Chl.a compared to
SPM), SD exhibited some positive correlation with Chl.
a (R2 � 0.56, p< 0.01), compared to suspended sediments
(R2 � 0.73, p< 0.01) in July, suggesting that the increasing
abundance of various phytoplankton species such as spi-
rogyra, diatoms, and cyanobacteria may also be responsible
for lower transparency.

Meanwhile, more evident positive correlation of SD with
SPM (R2 � 0.69, p< 0.01) than Chl.a (R2 � 0.39, p< 0.01) was

also found in September, indicating that the vast shallow lake
is usually dominated by suspended sediments (with a max-
imum value of 40.3mg/l in this work) during this period
[17, 24]. And water clarity was still not very high (average SD
of 41 cm), which might be induced by resuspended sedi-
ments due to vertical convection disturbance of the water
layer because of seasonal water-level fluctuations and rele-
vant anthropogenic disturbances [17].

3.1. Variation of Total Suspended Particulate Material
Absorption. Absorption spectra of SPM (ap) of Poyang Lake
can be decomposed into nonalgal (aNAP) and phytoplankton
(aph) algal components, which had been illustrated in pre-
vious research [22, 24]. Spectra curves of total suspended
particulate material absorption during the flood period are
present in Figure 2 (solid bold line represents mean and
dashed line represents standard deviation), suggesting that
absorption coefficients of SPM (ap(λ)) were highly variable
among sample points in both July and September, due to
various SPM concentrations and compositions at different
sample sites.

In July, the spectral shape of SPM resembled that of
nonalgal particulates, with high absorption between 400 and
450 nm, ranging from 9.73 to 17.05m−1 at 440 nm, in-
dicating strong detrital particles dominance. Apparent
phytoplankton absorption peaks could only be found at
675 nm, with much lower values between 1.93 and 5.83m−1
and an average of 4.60m−1 (Figure 2).

In September, magnitude of the whole spectrum
(380–700 nm) decreased significantly, and the absorption
feature of phytoplankton with accessory pigments appeared
slightly at the short 400–450 nm wavelength region around
440 nm, with values between 2.47 and 4.69m−1. Meanwhile
more evident peaks of phytoplankton absorption could be
observed between 670 and 690 nm, but still with lower values
0.66–1.64m−1 at 675 nm compared to shortwave bands
(Figure 2). (e growing peaks of phytoplankton absorption
were also identified byWu (2013) fromAugust to October in
their study of 2010 and 2011 [23].

To explore possible reasons accounted for SPM ab-
sorption variation, we select ap(440) and ap(675) as two
feature bands to represent the blue portion (400–450 nm)
and the red portion of the visible spectrum (670–690 nm),
respectively. Regression analysis was performed between

Table 1: Range of concentrations of the main OACs during two periods in 2017.

Time Points Range SPM
(mg/l)

Chl.a
(μg/l) SD (cm)

July 20
Mean 45.94 21.48 26
Min 24.48 9.17 18
Max 56.70 34.77 32

September 20
Mean 19.67 13.80 41
Min 7.53 3.73 32
Max 40.3 21.73 56

One-way ANOVA F value 89.22 15.48 78.63
Probability> F 4.93E− 10 3.91E− 4 3.16E− 10

Null hypothesis: the means of all levels are equal. Alternative hypothesis: the means of one or more levels are different.
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Figure 2: Total suspended particulate absorption spectra in Poyang Lake in July (a) and September (b).
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Figure 3: (e linear relationships of ap(440) and ap(675) with SPM and Chl.a concentrations.
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ap(440) and SPM and Chl.a, and ap(675) and SPM and Chl.
a for each period (Figure 3).

It could be seen that the variation of ap(440) was
more sensitive to SPM than to Chl.a for both July and
September (Figures 3(a) vs 3(b)). (e contribution of SPM
to ap(440) tended to decrease from July to September
(Figure 3(a)) as the effect of Chl.a remained at a slightly low
level (Figure 3(b)). (us, SPM absorption in blue portion of
the visible spectrum was mainly dominated by nonalgal
materials in lake water columns.

And the variation of ap(675) was also more sensitive to
SPM than toChl.a in July and September (Figures 3(c) vs 3(d)).
(e tendency of SPM contribution to ap(675) also decreased
from July to September (Figure 3(c)). Although there was
a slight increase of Chl.a effect in September, it was still small
due to the low proportion of Chl.a in SPM composition.

Although the sediments’ masking effect decreased in
September, nonalgal particles still dominated the absorption
at wavelengths around 400–450 nm, and contributions of
phytoplankton at 600–690 nmwere still weaker than those of
nonalgal sediments. (us, total suspended particulate ma-
terial absorption during the flood period was mainly asso-
ciated with detritus materials in both the blue and red
spectra, which is in accordance with the results of previous
research in Poyang Lake, Taihu Lake, and Chagan Lake,
showing that the total SPM absorption is mainly dominated
by nonalgal materials [23, 24, 35, 36].

(erefore, it is reasonable to be deduced that SPM ab-
sorption of Poyang Lake mainly has strong connection with
nonalgal detritus, which will be elaborated in the next
section.

3.2. Variation of Nonalgal Particulate Material Absorption.
In this study, the absorption spectrum of nonalgal particles
for each sample was modeled from 380 to 600 nm according
to Equation (3) using the least-squares method, and the
absorption slope (S) of 40 samples was derived, from which
the relative proportions of minerals and organic materials in
detritus could be revealed [32].

(e results showed that, in July, S varied within
0.0060–0.0107 nm−1 around 0.0069 nm−1, and in September,
its magnitude dropped to 0.0049–0.0102 nm−1 with an av-
erage level of 0.0067 nm−1. (e variation of the detritus
absorption slope could be clearly seen from absorption
spectra normalized to 440 nm in Figure 4. It suggests that S
values generally decreased from July to September, in-
dicating an elevated proportion of inorganic materials in
SPM composition.

Regression analysis was also conducted between
aNAP(440) and SPM and Chl.a, and aNAP(675) and SPM
and Chl.a for each period to reveal factors responsible for
variation of nonalgal material absorption in the blue
region (400–450) and red region of spectra, respectively
(Figure 5).

It is shown that aNAP(440) had a much stronger
relationship with SPM than with Chl.a in both July
and September (Figures 5(a) vs 5(b)). From July to
September, although there was slightly a decrease in SPM

contribution (Figure 5(a)), the effect of Chl.a was still very
low (Figure 5(b)), indicating that nonalgal sediments in the
lake did not rely on phytoplankton degradation activities,
which is often the case for ocean, but mainly derived from
land-originated materials due to river runoff injections, such
as soil surface inorganic mineral salts, reactants, nonpoint
source pollutions, or decompositions of biodegradable or-
ganic compounds.

(e variation of aNAP(675) could also be attributed to
SPM in two periods (Figures 5(c) vs 5(d)). (e decrease
of the relationship between aNAP(675) and SPM can be
observed due to the reduction of SPM concentration from
July to September (Figure 5(c)). And because of the rather
low proportion of phytoplankton degradation products in
detritus, the significance of Chl.a effect on aNAP(675)
remained at a low level (Figure 5(d)).

It is also verified by previous research of Wu (2013), who
showed that there were higher correlations between aNAP
and SPM in 2010 and 2011. Our results again confirm
previous analysis in Section 3.1: lake SPM absorption was
mainly associated with land-derived nonalgal detritus. De-
spite there were some decreases in September, nonalgal
particles still dominated the absorption in both the blue and
red spectra.

3.3. Variation of Algal Particulate Material Absorption.
Specific absorption represents absorption capacity or effi-
ciency of algal particulates in SPM. Usually, it can be used to
parameterize analytical algorithms to inverse the remote
sensing signal into phytoplankton pigment centration,
which is closely related with the carbon fixation rate at global
or regional scales [27, 33, 34].

Spectral curves of phytoplankton particulate spe-
cific absorption derived from Equation (4) are present in
Figure 6. It can be seen that a∗ph(λ) curves in July resembled
the shape pattern of absorption curves in September, and
there was more evident variability at 400–500 nm around
440 nm and at 650–700 nm around 675 nm.

In July, a∗ph(440) varied between 0.101 and 0.205m2/mg
around an average of 0.145m2/mg, and a∗ph(675) was
0.056–0.111m2/mg with a mean value of 0.084m2/mg. In
September, a∗ph(440) and a∗ph(675) increased to 0.115–
0.424m2/mg and 0.067–0.169m2/mg, with an average of
0.229m2/mg and 0.107m2/mg, respectively.

Previous studies have demonstrated that fluctuations of
a∗ph(λ) were mainly associated with relative contributions of
accessory pigments (Chl.b, Chl.c, and carotenoids) and
chlorophyll present in phytoplankton cells under different
light and nutrient conditions [15, 17, 23, 32–35]. (e in-
creased abundance of accessory pigments tended to enhance
the absorption of blue portion of the visible spectrum be-
tween 400 and 500 nm, while Chl.a constantly leads to
a contribution focusing on 650–700 nm.

(erefore, the apparent variations of a∗ph(λ) here
suggested that there might be evident changes in phy-
toplankton community or pigment compositions during
study periods. To validate this speculation, a∗ph(λ) spectra
were normalized to 440 nm in Figure 7. It could be clearly
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seen that compared to July, the ratio values at 675 nm
(a∗ph(675) : a∗ph(440)) in September had decreased,
exhibiting an increased effect of accessory pigments (Chl.
b, Chl.c, and carotenoids).

While changes in optical absorption capacity in blue (at
440 nm) and red (at 675 nm) portions could be the conse-
quence of pigment composition changes, the possible dif-
ferences in the pigment concentration level and package
effect in the specific trophic status during study periods may
also be responsible for that.

(erefore, the variation of a∗ph(λ) due to pigment
concentration (indicated by Chl.a) change was further
analyzed using Equation (5), from which the strength of
variations in a∗ph(λ) could be inferred by the exponent B
(Figure 8).

Despite the fact that there was some dispersion, a∗ph(λ)
exhibited a decreasing trend with increasing pigment con-
centration at 440 nm and 675 nm (Figure 8). To some extent,
both the blue and red bands showed a decreasing trend
because of an increasing package effect when pigment
concentration in algal particles was elevated, but the
decaying rate of optical absorption capacity was much faster
on the blue band where optical absorption mainly associated
with accessory pigments.

(e variations of a∗ph(λ) were also found to be significant
due to different phytoplankton constituents at different
seasons by Wu (2013), which are similar to those found in
Taihu Lake [35] and Chagan Lake [36]. It was also shown
that the package effect might explain the higher a∗ph values at
440 or 676 nm in Poyang Lake at a certain level when Chl.
a was relatively lower compared with that of the most other
water bodies [23].

With those observations and analysis illustrated in this
section, it would be reasonable to confirm that the ab-
sorption capacity of algal particulates in SPMwas dependent
on the relative contributions of accessory pigments and
chlorophyll in phytoplankton composition as well as the
package effect and could fluctuate on the feature bands of the
spectrum under various aquatic environments during flood
time.

(ere is, however, some ambiguity in the partition of
the relative contribution of the package effect and acces-
sory pigments, which could be possibly intermingled with
each other in the domain of 400–500 nm, and further
research including more effective separation among algal
compositions such as sodium hypochlorite bleaching or
numerical separation method warranted to resolve these
problems [23, 32, 34].

4. Conclusions

(is study presents a case study of optical variations of
suspended particulate material absorption during the flood
time for Poyang Lake and provides more insight into the
natural changes of the spectral parameters required for the
parameterization of bio-optical models and remote sensing
algorithms in this dynamic water environment under the
background of climate change and anthropogenic impacts.

As one of themost representative inland waters in China,
Poyang Lake exhibits an overall high level of suspended
nonalgal detritus and algal concentration and lower water
clarity during study periods, showing a strong absorption by
total suspended sediments that are closely related with the
land-derived nonalgal detritus material which varied
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Figure 4: Nonalgal particulates of absorption spectra normalized to aNAP(440) in July (a) and September (b).
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signi
cantly with diverse proportions of minerals and or-
ganic materials from multiple sources loaded by river runo�
injections, such as soil surface inorganic mineral salts

[23, 24], reactants, nonpoint source pollutions, or de-
compositions of biodegradable organic compounds
[4, 30, 32, 34].
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Figure 5: �e linear relationships of aNAP(440) and aNAP(675) with SPM and Chl.a concentrations.
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Figure 6: Phytoplankton speci
c absorption spectral curves in July (a) and September (b).
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Due to variations in phytoplankton community pigment
composition, concentration, and package effect, there exists
a difference between optical absorption capacity on blue
(440) and red (675) portions of bands, the former of which
had an obvious enhancement due to the increased effect of
accessory pigments (Chl.b, Chl.c, and carotenoids) in sus-
pended phytoplankton particles from July to September.

Evidence also presented that the nonlinear depen-
dency of specific phytoplankton particulate absorption on
pigment concentration for various trophic statuses in
different periods could be unstable due to relative con-
tributions of the package effect and accessory pigments,
and this could bring uncertainties to the application ac-
curacy of bio-optical models and remote sensing algo-
rithms during parameterization.

(ere is still some ambiguity in the partition of the
relative contribution of the package effect and accessory
pigments, which might be intermingled in the domain of
400–500 nm, and further research including more effective
separation among algal composition such as sodium hy-
pochlorite bleaching or numerical separation method
warranted to resolve these problems [23, 32, 34].

More works and studies are being carried out by re-
searchers to learn about the spectral behavior of covaried
optical active constituents present in this aquatic region,
such as the identification of selective absorption of the
dissolved organic material (DOM) onto sediments due to
seasonal and dynamic biological activity (the presence of
phytoplankton-derived DOM further processed by bacteria
and/or by photo-oxidation) [27] and periodical covariation
links between optical active materials [36], from which we
hope to learn more about the impact of IOP variation on
regional bio-optical model constructions and the in-
terpretation of remote sensing observations in a changing
environment.
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