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Abstract: Light absorption by phytoplankton, non-algal particles (NAP) and chromophoric dissolved
organic matter (CDOM) was investigated at 90 sites of a clear, deep artificial lake (Lake Qiandaohu)
to study natural variability of absorption coefficients. Our study shows that CDOM absorption is
a major contributor to the total absorption signal in Lake Qiandaohu during all seasons, except
autumn when it has an equivalent contribution as total particle absorption. The exponential
slope of CDOM absorption varies within a narrow range around a mean value of 0.0164 nm~!
(sd =0.00176 nm~!). Our study finds some evidence for thIS autochthonous production of CDOM in
winter and spring. Absorption by phytoplankton, and therefore its contribution to total absorption,
is generally greatest in spring, suggesting that phytoplankton growth in Lake Qiandaohu occurs
predominantly in the spring. Phytoplankton absorption in freshwater lakes generally has a direct
relationship with chlorophyll-a concentration, similar to the one established for open ocean waters.
The NAP absorption, whose relative contribution to total absorption is highest in summer, has a
spectral shape that can be well fitted by an exponential function with an average slope of 0.0065 nm !
(sd =0.00076 nm~1). There is significant spatial variability present in the summer of Lake Qiandaohu,
especially in the northwestern and southwestern extremes where the optical properties of the water
column are strongly affected by the presence of allochthonous matter. Variations in the properties of
the particle absorption spectra with depths provides evidence that the water column was vertically
inhomogeneous and can be monitored with an optical measurement program. Moreover, the optical
inhomogeneity in winter is less obvious. Our study will support the parameterization of the
Bio-optical model for Lake Qiandaohu from in situ or remotely sensing aquatic color signals.

Keywords: Lake Qiandaohu; spectral absorption coefficient; phytoplankton; non-algal particles;
CDOM; variations

1. Introduction

It is known that light absorption in a natural water body is influenced by the inherent optical
properties (IOPs) of optically active constituents (OACs) residing in the water. There are three types of
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OACs: phytoplankton, non-algal particles (NAP) and chromophoric dissolved matter (CDOM). The IOPs
of the specific OACs present play a vital role in determining underwater light distribution, photosynthetic
process and remote sensing reflectance [1]. For example, the spectral absorption properties of the three
OAC types and the specific light absorption by phytoplankton have been well documented in the literature,
which illustrates that the dynamics controlling the distribution of OACs are important for determining
the light attenuation and primary production in open oceans and productive inland waters [2-8].
Initially, several studies concentrated on the variability of the absorption coefficient in open
oceanic waters (so-called Case-I waters) [9-11]. The total absorption coefficient [a;(A)] is the sum of the
absorption coefficients of pure water [a,(A)], phytoplankton [a,;,(A)], NAP [ay4p(A)], and CDOM
l[acpom(M)]:
ar(A) = aw(A) + anap(A) + apn(A) +acpom(A) 1)

where a,(A) is rather constant. Previous research has shown that all components, except a,(A),
in Equation (1) are often assumed to co-vary with chlorophyll-a (Chl-2) concentration in oceanic
waters [12-14]. Further, phytoplankton absorption is the main contributor to particle absorption in
oceanic waters [15,16]. The results of Bricaud et al. (1981) [17] indicated that the spectrum of acpoar(A)
typically follows an exponential function.

Many studies about global oceanic primary production have shown that understanding the role
of oceanic OACs become an important element that could not be neglected for addressing problems in
biological oceanography [18-25]. For example, the optical properties of OACs (involving absorption
coefficient, scattering coefficient, backward scattering coefficient, attenuation coefficient for downward
irradiance (Kj), etc.) are vital parameters in bio-optical algorithms used remote sensing techniques for
water quality monitoring. Morel (1988) [26], using a substantial number of data sampled from different
oceanic regions, reported that K; had a direct relationship with Chl-a concentration. Specifically, with
the development of ocean color remote sensing in the 1980s and 1990s, IOPs were needed to build
empirical or bio-optical algorithms for quantifying the concentrations of OACs. Unraveling the details
of the processes that change the optical properties of OACs and quantifying the variability in IOPs
should improve the accuracy of the retrieval of individual parameters using remote sensing techniques.
There are two approaches to obtain the IOPs of a water body from aquatic remote sensing. First, IOPs
can be either measured in situ using instruments such as the Wetlabs AC-S, or they can be measured in
controlled laboratory experiments using UV-spectrometer and quantitative filter technique (QFT) [27].
Second, they can be parameterized using bio-optical modeling from in situ measurements of apparent
optical properties (AOPs). Bricaud et al. (1995, 1998) [28,29] presented derived parameterizations
of a,,(A) as a function of Chl-a concentration. Cleveland (1995) [30] proposed a parametric relation
between a,;,(A), anap(A) and Chl-a concentration. Parameterization of total absorption (a;(A1)) has
been used to build reflectance models and to use in the development of ocean color algorithms [31-33].

In recent years, increasing attention has been placed on inland and coastal waters (so-called
Case-1I waters). 10Ps in Case-1I waters are more complex than in oceanic waters due to the larger
input of allochthonous sources of OACs. These can be introduced from numerous sources, such
as riverine input of CDOM, particle resuspension due to turbulent mixing in shallow waters or the
increased input of additional sources from human activities. Precisely because of these differences
between oceanic waters and inland waters, either CDOM or NAP absorption may dominate the
total absorption. However, in some cases, phytoplankton absorption may still dominate the optical
characteristics of coastal and inland waters, especially in algal growing season [16,34,35]. Whether the
components in Equation (1) co-vary, following the robust relationship established for Case-I waters,
or are decoupled in Case-II waters remains uncertain. Stramski et al. (2004), Bowers et al. (2006),
and Astoreca et al. (2012) [36-38] provided valuable evidence on the optical properties of suspended
minerals, and pointed out that their optical properties are determined by both particle size and
composition. Recently, CDOM absorption properties have been documented frequently, regarding to
the biogeochemical processes acting to transform them, and their resulting variability [39-41].
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Although there has been considerable research in the bio-optical properties of oceanic waters, there
are several unresolved issues: (1) there is very little information on the seasonal variations of optical
properties in artificial lakes; (2) there is uncertainty in whether a,;(A) in a deep artificial lake has a
relationship with Chl-a concentration similar to that observed in Case-I and shallow inland waters; and
(3) there is a need for a better understanding of how both natural factors and human activity affect the
optical properties of an artificial lake. The first objective of the present study is to illustrate the absorption
properties of different components in Lake Qiandaohu compared to those in oceanic and shallow inland
waters. The second objective is to characterize seasonal and spatial variability of the spectral absorption
properties and the factors driving that variability. Our study also makes a further contribution to bio-optics
and the use of remote sensing for the water quality assessment of Lake Qiandaohu.

2. Materials and Methods

2.1. Study Sites and Sampling

Lake Qiandaohu (meaning Thousand Island Lake in Chinese), part of Xin’an Jiang Reservoir, is a
freshwater lake in China, and a famous tourist attraction for its clear water surrounding numerous
islands. It is located between 118°34'-119°15' E and 29°22'-29°50' N, in Zhejiang Province (Figure 1)
and has a water surface area of 578 km? and a mean depth of 37 m. The reservoir was constructed
in 1959, and has served a variety of purposes, including power generation, flood control, tourism,
drinking water supply, industrial usage, and irrigation [42]. The watershed of Lake Qiandaohu serves
as a buffer between the Xin’an and Qiantang Rivers. Therefore, it is of great significance in maintaining
the ecological environmental health and water services in the Qiantang River Basin.
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Figure 1. Map of Lake Qiandaohu and the locations of the seasonal sampling sites.

To interpret the spatial variability of optical properties and determine the impacts from the
external environment on different regions, Lake Qiandaohu (Figure 1) is divided into five different
regions according to its hydrological structure and spatial shape. The northwestern area of Lake
Qiandaohu is the upstream arm of the lake and includes the primary surface runoff inlet accounting
for approximate 65% of total water input to the lake. As a result, soil erosion and human activity have
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a great influence on this area. The southwestern area includes the secondary runoff inlet, accounting
for about 25% of total water input. The buffer area, located in the center of the lake, connects the two
surface runoff areas to the other arms of the lake. The southeastern area serves as both a holding area
and the only outlet from Lake Qiandaohu.

Sampling was conducted in Lake Qiandaohu during four field campaigns, summer (August 2015),
autumn (November 2015), winter (January 2016), and spring (March 2016), as part of the High
Resolution Earth Observation System of National Science and Technology Major Projects. During each
campaign, optical measurements were made, and water samples were taken from the surface and
different depths at a total of 90 sites in different parts of the lake (Figure 1). The number of sites
sampled in spring, summer, autumn, and winter were 29, 25, 14 and 22, respectively. Among the
90 sampling sites, nine were fixed sites (marked with site name in Figure 1) that were sampled every
season. Among all the sampling sites, JK, XJS, and DB were sampled at multiple depths, as shown
in Table 1. Water samples obtained at each station were immediately filtered, and stored in darkness,
for determining particle, CDOM spectral absorption and Chl-a concentration.

Table 1. The multiple depths of JK, XJS, and DB sampled in each season of Lake Qiandaohu.

Depth
Sites epth (m)
Spring Summer Autumn Winter
JK 0,5,10,20 0,5,10,20,25 0,5,10,20,25 0,5,10,25
XJS 0,5, 10, 20, 30, 40 0,5, 10, 20, 30, 40 0,5, 10, 20, 30, 40 0,5, 10, 20, 30, 40

DB 0, 5,10, 20, 30,40, 50,70 0, 5,10, 20, 30, 40,50,70 0,5, 10, 20, 30,40,50,70 0,5, 10, 20, 30, 40, 50, 70

2.2. Laboratory Measurements

2.2.1. CDOM Absorption

Water samples for CDOM were first filtered through 47-mm diameter Whatman glass-fiber
GE/F filters with pore size of 0.70-pm, and then re-filtered through 47-mm diameter Millipore
polycarbonate filters with a pore size of 0.22-um. It is worth noting that CDOM samples were
refrigerated immediately after filtration and stored for no more than one week before processing to
avoid degradation. The optical density of the sample (OD;(A)) were measured over 250-860 nm at
1-nm increment using a Perkin Elmer (PE) lambda-35 spectrophotometer and a 10-cm quartz cuvette.
Milli-Q water served as blanks. Blanks and samples were equilibrated to room temperature and the
spectrophotometer was stabilized for >45 min prior to measurements. Some samples were divided into
two parallel samples to estimate measurement error. The spectral absorption coefficient, acpop(A)
was calculated from the measured optical density of the sample by:

acoom(A) = 222 [(0Dy(A) — 0Dy @)

l

where [ is the cuvette path length (10 cm), 2.303 is the convention factor between logg based OD and
natural log based coefficients, and OD,,,; is the optical density at the wavelength where absorption by
CDOM can be assumed to be zero. In our study, wavelength of 700 nm was taken according to [43].

Bricaud (1981) [17] reported that absorption coefficient of CDOM from 400 to 750 nm can be fitted
to an exponential model as follows:

acpom (M) = acpom(Ag)el~*coomiA=40)) ®)

where A is the specific reference wavelength, and Scpoy represents an average slope of CDOM
absorption spectra. In our study, the absorption coefficient at 440 nm is used as reference.
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2.2.2. Particle Absorption

The coefficients of a,(A), a,;(A) and anap(A) were measured using the quantitative filter
technique (QFT), a detailed discussion of the methods see [27]. The spectral absorption of total
particles retained on a filter is comprised of the absorption by phytoplankton (a,,(A)) and that by
NAP (anap(A)), whose signals can be separated by either bleaching or a solvent extraction method.
Currently, the most widely used method is methanol extraction [44].

A water volume of 50-500 mL, depending on particle concentration, was filtered onto 25-mm
diameter Whatman glass-fiber GF/F filters using low vacuum to ensure that the distribution of filtered
particles on the filter is relatively uniform. The absorption spectrum, a,(A) was then determined using
the T-R technique [45]. Sample absorbance (OD;s(A)) was measured at 1-nm increment from 300 to
800 nm using a dual beam PE lambda-950 UV /VIS/NIR spectrophotometer equipped with a 60-mm
integrating sphere. A blank filter (ODyj,,x(A)), wetted with Milli-Q water, was used as reference.
It should be noted that the baseline must be horizontal and fluctuate about zero. Pigmented particles
were bleached for 40 min with 10-mL methanol, and thoroughly rinsed with Milli-Q before being
re-scanned to obtain ay4p(A). Total particle (a,(A)) and NAP (anap(A)) spectral absorptions were
calculated from the total and bleached optical densities, respectively, as follows:

() = 5r775710Dx (1) =~ 0D @
where V/S represents the geometric absorption path length of the material in suspension, with V the
volume filtered and S the clearance area of the filter. j is the path length amplification factor which was
corrected using the expression given by Tassan and Ferrari (1995) [45]. This correction was shown to
be dependable when using the T-R technique [46]. OD,,,;; is the average absorption measured around
750 nm. The absorption coefficient for phytoplankton particles (a,;,(A)) was obtained using

apn(A) = ap(A) —anap(A) ®)

2.2.3. Physicochemical Variables Measurements

For Chl-a concentration measurements, 50-500 mL water samples collected from each site were
filtered on 0.45 um Whatman glass-fiber GE/F filters. The filtered sample was stored in the dark
in a container with liquid nitrogen, and taken to the laboratory for Chl-a concentration analysis
within 6 h. The Chl-z filter samples were extracted in hot (80 °C) 90% ethanol, the extract cleared by
centrifugation and the Chl fluorescence determined using a Turner fluoroprobe with a two replicated
measurements. Afterwards the extract was acidified with 10% hydrochloric acid and the fluorescence
measured again to correct for the fluorescence of phaeophytin. The fluoroprobe was calibrated against
laboratory measurements using historical data with a high precision that satisfy the requirements of
Chl-a modeling. Water transparency was measured using a Secchi disc (SD) and total nitrogen (TN)
and total phosphorus (TP) were measured using a HACH HACH NPW-160 online analyzer.

2.2.4. Data Analysis

Statistical analyses (mean value, standard deviation, ANOVA and linear fitting) were performed
using OriginPro 2017 software. Comparisons of the population parameters between the two groups
were assessed using t-test with a p-value of 0.05 chosen to determine significance. Regression and
correlation analyses were performed to estimate the degree of relationship between the variables with
the statistical significance levels set at p > 0.05. It is worth noting that, to show the regional variability
in the summer, the samples in BMF were not used in Figures 4, 8 and 13 due to its extremely high
value than others, whereas, to show the seasonal variability, the samples from depths below 10 m were
not used in Figures 2, 6, 11 and 13 and Table 3 to minimize the variability caused by depth.
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3. Results and Discussion

There was no great variability in the properties of OACs in Lake Qiandaohu compared to Lake
Taihu [47,48], both within and between seasons. Table 2 presents the Chl-a concentration and observed
ranges of some parameters measured in Lake Qiandaohu during the four cruises in 2015 and 2016.
The Chl-a concentrations measured in Lake Qiandaohu were relatively low, ranging from 0.37 to
19.62 pg/L with a mean of 4.01 ug/L. There were seasonal-spatial differences in spectral absorption
of particle (Figures 2 and 4). The concentrations of Chl-a, TN, TP, and SD (Table 2) indicate that Lake
Qiandaohu was in mesotrophic status with good water quality.

Table 2. The population parameter values measured in Lake Qiandaohu for all seasons.

Parameters  Chl-a (ug/L) TP (mg/L) TN (mg/L) SD (m)

Mean 4.01 0.025 1.042 4.7
Min 0.37 0.012 0.851 3.7
Max 19.62 0.044 1.255 6.0

The total particle absorption (a,(A)) shown in Figure 2 was characterized by strong absorption in
the blue band of the visible spectrum, mainly caused by suspended minerals and/or detrital particles,
and a distinct Chl-a absorption peak at near-infrared wavelengths. The total particle absorption
spectrum at most sites possessed a significant absorption peak at 675 nm, with a companion peak
around 440 nm. It is worth noting that there was a small percentage of particle absorption spectra
that has no obvious peak at 440 nm. The reason for this is NAP absorption coefficients are generally
bigger than phytoplankton absorption coefficients in these waters. However, overall the absorption
peak at 675 nm was generally larger in spring than in the other seasons, suggesting a relatively more
important contribution of phytoplankton to particle absorption in spring.
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Figure 2. Total particle spectral absorption coefficients, a,(A) versus season.

There were three typical sets of spectra of the particles absorption coefficient in Lake Qiandaohu
(Figure 3). Figure 3a,c, respectively, illustrates times when phytoplankton and NAP dominate the
total particle absorption, while Figure 3b represents a time when neither phytoplankton nor NAP
dominate the total particle absorption. Considering the entire lake, our analyses indicate that most
sampling sites tended to present water conditions whose total particle absorption spectral belonged
to the second type (Figure 3b). This implies that NAP and phytoplankton had a similar influence
on the total particle absorption. The first spectral type (Figure 3a) illustrated conditions where the
phytoplankton dominated the total particle counts, and the third spectral type (Figure 3c) indicated
conditions where NAP contributed more to the total particle counts than phytoplankton.

In order to avoid differences among different seasons act upon total particle absorption, a single
summer season was chosen to illustrate the spatial variability. The total particle absorption spectra from
the different regions in the summer are shown in Figure 4. The ranges of a,(440) and a,(675) were
0.090-0.178 m~! and 0.016-0.078 m~! in northwestern area, respectively. However, the ranges of a,(440)
and a,(675) were 0.061-0.236 m~! and 0.017-0.090 m~! in southwestern area, respectively. The mean
absorption spectrum of total particle in the northwestern area is larger than those from the other areas, as
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shown in Figure 4F. Because the northwestern area is where the majority of the surface runoff enters, it
has to an increased input of terrestrial origin detritus and runoff particulates in the summer. The total
particle absorption spectra in the southeastern area is second in amplitude to the southeastern area, which
is consistent with this area being the secondary area of Lake Qiandaohu in terms of surface runoff input.
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Figure 3. Three typical total particle absorption spectra in Lake Qiandaohu, demonstrating
corresponding absorption characteristics for NAP and phytoplankton. (a) Phytoplankton are the
dominant; (b) Neither phytoplankton nor NAP are the dominant (c) NAP are the dominant.
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Figure 4. (A-E) Total particle absorption spectra in different regions of the summer season in Lake
Qiandaohu; and (F) the average total particle absorption spectra from each area.

As shown in Figure 1, sampling sites JK, XJS and DB, which are located in the northwestern,
buffer and southeastern areas, respectively, were sampled at multiple depths. It is reported by
Dong et al. (2013) and Zhang et al. (2014) [49,50] that a monomictic thermal stratification was observed
in Lake Qiandaohu, initiating in April and lasting until December, and stratification in summer is
most evident. To determine the vertical structure of the optical properties of the water column, the
particle absorption spectra of water samples taken from the three sites at several depths are shown
in Figure 5. These spectra show that the particle absorption varies both with depth and time of year,
with the depth dependence being weakest in winter (Table 3). It has also reported by Dong et al. (2013)
that the chlorophyll a concentration was higher in the surface water and lower in the bottom water,
and besides, the maximum algal growth rate were found at the depth 5-10 m below the water surface.
In our study, it is clear that the particle absorption peaks at 440 and 675 nm for depth shallower than
10 m are generally stronger than the others. This evidence suggests that phytoplankton concentration
in the near surface water was greater than at deeper depths, indicating that the water column was
vertically inhomogeneous.
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Figure 5. Seasonal variability of the total particle absorption spectra at different depths for sampling
sites JK, XJS and DB in Lake Qiandaohu (see Figure 1).

Table 3. Seasonal variation of a,(440) at sampling sites JK, XJS and DB.

a,(440) (m™1)

Sampling Sites
Parameters Spring Summer Autumn Winter
JK mean 0.159 0.121 0.219 0.149
sd 0.096 0.034 0.048 0.026
XJS mean 0.180 0.145 0.121 0.107
sd 0.059 0.033 0.038 0.027
DB mean 0.180 0.100 0.071 0.092
sd 0.059 0.038 0.018 0.014

3.1. Absorption by CDOM

Figure 6 shows the acpop (1) spectra measured in all four seasons. The absorption coefficient of
CDOM decreased exponentially with increasing wavelength over the 400-700 nm range. The mean
CDOM absorption coefficients at 440 nm, M_acpop (440), were, respectively, 0.22 £ 0.05, 0.27 £ 0.12,
0.21 4+ 0.05, and 0.21 £+ 0.04 m~ ! in spring, summer, autumn, and winter. The mean CDOM absorption
coefficient in summer was significantly higher than those in the other seasons according to ANOVA
(p < 0.0001) analysis. The average CDOM absorption of each season is shown in Figure 7a. In general,
acpom(A) in summer is significantly higher than in the other seasons (ANOVA analysis p < 0.005),
due to the organic matter inputs from upstream rivers in northwestern area [51]. Similar slopes of
CDOM absorption spectra are found in spring, autumn and winter.

Statistical results of CDOM absorption coefficients in the summer are shown in Figure 8 to
interpret the spatial variations in different region of Lake Qiandaohu. In Figure 8 A-F, there are obvious
spatial differences, especially in northwest area (Figure 8A) the main runoff inlet of Lake Qiandaohu,
which exhibited larger CDOM absorption coefficients than other areas in summer. However, the
southwestern area, another runoff inlet, did not show this trend. This indicated that affection to CDOM
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absorption by human activity in northwestern area is greater than southwestern area. Besides, we can
see a decreasing trend from upstream to downstream at spatial scale through Figure 8A,E. We may
also deduce that northeastern area was minimally affected by outer source compared to other regions.

spring summer | autumn winter
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‘—\:\-_'uh:-_.‘:\""“n;-_ = 000 ===
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Figure 6. Seasonal variation of the CDOM absorption spectra. The different colored lines in each panel

represent different sampling sites.
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Figure 7. (a) Average CDOM absorption spectra of each season in Lake Qiandaohu and (b) frequency
distribution of the slopes, Scpom, of CDOM absorption spectra. The Gaussian curve is superimposed
to illustrate the normal distribution corresponding to the average value of Scpoy (0.0164 nm 1), with
standard deviation (0.00176 nm™~1).
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Figure 8. (A-E) CDOM absorption spectra in the different areas of the summer season in Lake
Qiandaohu; and (F) the average CDOM absorption spectra for each area.
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Figure 7b exhibits the overall variation of the Scpopm estimates according to Equation (5).
The average Scpoym value based on the data was 0.0164 nm~! with a standard deviation of 0.00176
nm~!. The slope for the absorption spectra of CDOM, Scpoy, measured in Lake Qiandaohu was of
similar magnitude to values measured by Roesler (1989) [11] in oceanic waters, which range from
0.0140 to0 0.0191 nm 1, as well as being consistent with those measured in inland waters, which range
from 0.0128 to 0.0197 nm~!, with a mean of 0.0163 nm ™. Certainly, it should be noted that Scpoum
depends on the wavelength range used to the exponential fitting in each study. Our results are slightly
higher than the Scpop of Lake Taihu reported by Ma et al. (2006) [52]. Most Scpom values concentrate
around 0.0164 nm~! with small variations, which suggests that the composition of CDOM in Lake
Qiandaohu is relatively uniform.

Figure 9 shows the relationship between Scpop and acpoar(440) during all seasons. An inverse
relationship can be discerned for acpopr(440) < 0.2 m~! (r= —0.61), in agreement with the results
of Carder et al. (1989) [53]. Futher, there is large variability in Scpoa for acpon(440) > 0.2 m~!
(r = —0.14), which is consistent with the pattern found by Babin et al. (2003) [15]. It was reported by
Carder et al. (1989) and Zepp and Schlotzhauer (1981) [53,54] that spectral slope of acpoam (A) varies
inversely with molecular weight, with high molecular weight humic acids exhibiting slopes less than
0.5 of the lower molecular weight fulvic acids. The relationship between Scpoy and acpon(440) in
summer (r> = 0.78, p < 0.001) and spring (> = 0.32, p < 0.005) was significantly higher than in autumn
and winter. This may indicate the composition of the CDOM in summer is different from other seasons.
Our study shows that, on average, the CDOM absorption spectra in Lake Qiandaohu can be expressed
as follows:

acpom(A) = acpon (440)e(~00164(A=440)) (400 < A < 700) (6)

Using data from all sites for each season in regression analyses, linear least-squares fits between
a,,(440) and acpop(440) are obtained and presented in Figure 10. Overall, the least-squares fits
between a,,(440) and acpo (440) showed r-squared coefficients in spring (r? =0.47,p < 0.001) and
winter (r> = 0.54, p < 0.001) that are considerably higher than those in summer and autumn, which
gives some evidence for the autochthonous production of CDOM during those two seasons. However,
the composition of CDOM was governed by exogenous organic matter due to the soil erosion caused
by rainfall in summer and autumn. This is an intrinsic characteristic of clear-deep lakes distinguish
them from shallow inland lakes in their sources of CDOM.
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Figure 9. Scatterplot of acpop(440) against Scpoy in different seasons.
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Figure 10. Scatterplot of a,;,(440) against acponm (440) and the corresponding least-squares fitted line
in different seasons.

3.2. Absorption by Phytoplankton

Overall, the phytoplankton absorption coefficient in Lake Qiandaohu in spring is different from
those in other seasons (Figure 11). The absorption peaks around 440 and 675 nm in spring were more
obvious than in the other three seasons, with the absorption peak at 675 nm being significantly stronger
than the one at 440 nm, which is an indicator that spring is a strong growth period for phytoplankton in
Lake Qiandaohu. There are obvious variations in the phytoplankton absorption coefficient at different
sites due to marked differences in Chl-a concentration around the lake.
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Figure 11. Phytoplankton absorption spectra in Lake Qiandaohu for each season. The curves with
different colors in each panel represent different sampling sites.

It is well known that Chl-a concentration varies with the amount of phytoplankton and
composition of the population. We performed a quality assessment of Chl-a concentration
measurements prior to analysis by splitting some samples and performing parallel analysis. If there
were a large difference between the measured values for the two parallel samples, the sampling
data would not be used for modeling between a,, and Chl-a. For acceptable samples, we plotted
apy, as a linear function of Chl-a concentration at 440 and 675 nm in Figure 12. It is readily apparent
that robust correlations exist between a,;,(440) and Chl-a concentration and between a,;,(675) and
Chl-a concentration in each season. The coefficient of determination between a,,(675) and Chl-a
concentration (p < 0.001) was significantly larger than that between a,,,(440) and Chl-a concentration
(p < 0.001). This is a well-known issue and is simply due to the fact that many bio-active pigments
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absorb light at 440 nm, whereas only chlorophyll absorbs at 675 nm. Particularly, the relationship
between a,;,(440) and Chl-a and that between a,;,(675) and Chl-a in spring were robust compared to
those in other seasons, which suggests that phytoplankton flourishes in the spring. It should be noted
that the coefficient of determination in summer was a maximum between a,;,(675) and Chl-a, and a
minimum between a,;,(440) and Chl-a.
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Figure 12. Correlations between a,,(440) and Chl-a concentration (a—d); and between a,;(675) and
Chl-a concentration (e-h) for each season.
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3.3. Absorption by NAP

The NAP absorption coefficient decreased with increasing wavelength in all seasons (Figure 11).
In addition, as shown in Table 4, the mean value of ay 4p(440) in summer and autumn is larger than
its values in spring and winter, and the NAP absorption spectra became more volatile in summer and
autumn than it did in winter and spring.

Table 4. Range and spectra variation of aj4p(440) in all seasons.

Parameters Spring Summer Autumn Winter
Min 0.034 0.030 0.035 0.038
Max 0.052 0.142 0.133 0.057

Mean 0.043 0.058 0.060 0.045
Sd 0.004 0.027 0.030 0.007

Many studies have illustrated that NAP has relatively stable absorption characteristics, which can
be described using an exponential function [29,46,55]:

anap(A) = aNAP(44O)e(7SNAP(/\*44O)) )

The variation of exponential slope value, Sy 4p, in the wavelength range 400-750 nm based on
our data from the different seasons was relatively narrow, only ranging from 0.0050 to 0.0081 nm 1,
with a mean value of 0.0065 nm~! and a standard variation of 0.00076 nm~!. As shown in Figure 13
and Table 4, the NAP absorption coefficient of Lake Qiandaohu in different seasons can be generally
divided into two similar categories, spring and winter with one pattern, and summer and autumn
with another. Our results show that NAP absorption can be expressed by:

anap(A) = anap (440)6(_0'0071()‘_440)), (spring, winter) (8)

anap(A) = ﬂNAp(440)6(70'0063()\7440)), (summer, autumn) 9)

As expected, the NAP absorption has a similar spatial pattern to the total particle absorption
in the summer as shown in Figure 14. NAP spectral absorption coefficients in the northwestern are
larger than in other areas, and NAP absorption in the southeastern area is smaller than other areas
(Figure 14F). Further, we perform a statistical analysis of the NAP absorption in different areas, and find
mean value of ay4p(440) in the northwestern area is 0.097 & 0.0317 m~!, in the southwestern area is
0.054 £ 0.0272 m ™!, in buffer area is 0.056 + 0.0108 m !, in the northeastern is 0.048 4 0.0058 m !, and
in the southeastern area is 0.038 4+ 0.0067 m~!. These statistical results indicate that the concentration
of inorganic compounds in the water body near the surface runoff inlet are higher than in other areas,
which makes sense as waters in these areas are most affected by the input from the outer source.

0.20 0.20¢ 1 e S —— .20 ———————————
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0.16 Spring | g6 Summer | g 5[\ 16
e
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Figure 13. NAP absorption spectra in each season. The curves with different colors in each panel
represent the different sampling sites.
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Figure 14. (A-E) NAP absorption spectra in different regions of the summer season in Lake Qiandaohu;
and (F) the average NAP absorption spectra of each area.

3.4. Analysis on Contribution of Different Absorption

3.4.1. Relative Contribution of Different Absorption

The absorption of solar radiation in the water body can be partitioned into different absorbing
components according to their relative contributions to the total absorption according to Equation (1).
Therefore, the contributions of absorbing components to the total absorption are important for the
capabilities of light utilization. In our study, the absorption coefficient of pure water, a,,(A) reported
by Pope and Fry (1997) [56] was used. The percentage in contribution of an individual component
to the total absorption average for all sites in the four seasons is shown in Figure 15. Overall, pure
water generally contributed most to the total absorption at wavelengths larger than 550 nm (due to the
strong absorption in red and near-infrared ranges), and its relative contribution increased rapidly for
wavelengths larger than 500 nm due to the low concentration of OACs in Lake Qiandaohu. CDOM
contributed most to the total absorption at wavelengths smaller than 550 nm, and phytoplankton
had a maximum contribution to absorption from 650 to 700 nm (due to the strong absorption by
Chl-z around 675 nm). Therefore, we can say that these components dominated the contribution to
the total absorption with different ranges of wavelength in Lake Qiandaohu. However, there were
some different characteristics among each panel in Figure 15: (1) particle absorption contributed
almost the same as CDOM to the total absorption in autumn; (2) phytoplankton absorption dominated
particle absorption in spring, mainly due to the growth of phytoplankton or regional spring bloom in
Lake Qiandaohu during that period; and (3) NAP contributed most to particle absorption in summer
because it is the rainy season in Lake Qiandaohu, thus there were increased NAP inputs from the
outer source.
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Figure 15. Fractional contribution of absorption coefficients of pure water [, (A)], CDOM [acpop (A)],
total particles [a,(A)], phytoplankton [a,;,(4)], and NAP [ay4p(A)] to the total absorption [a(A)] in
the four seasons.

3.4.2. Absorption Budget

Figure 15 presents the relative amount that each component contributes to the total absorption over
400-700 nm wavelength band. However, we wish to explore the interaction of important components
in different characteristic wavelength for the water body. Thirty years ago, Prieur and Sathyendranath
(1981) [10] described an absorption budget using a statistical analysis of reflectance and Kj;, in which
the absorption coefficient was partitioned into three components associated with phytoplankton, NAP
and CDOM. They introduced the concept of a triangular classification of natural waters based on
this budget. For Case-I samples, Prieur and Sathyendranath (1981) [10] found that phytoplankton
absorption dominated the sum of a,(A), ayap(A) and acpom(A) in the ternary diagram at 440 nm,
and therefore most samples were systematically situated close to the phytoplankton apex of the ternary
diagram. However, for Case-II waters, the absorption of samples were distributed more broadly across
the ternary diagram because the relative proportions of the three absorptive components varied more
widely in these waters.

Figure 16 illustrates the absorption budget derived from our data as a set of ternary plots at six
different wavelengths, of 400, 440, 560, 620, 675, and 695 nm. Overall, our data show that the relative
contributions to absorption had a centralized distribution at specific wavelength in the diagram.
Particularly, at 400, 440 nm, most samples were located near the CDOM apex with values within the
range (0.75 < acpom¥ < 1,0 < a,,% < 0.375,0 <ayap% < 0.25) in the ternary plot, since absorption
by CDOM dominated the three components in these wavelengths as expected. However, at 560 and
620 nm, there was a relatively dispersed distribution in these samples and the contribution from NAP
had an obvious increase compared to the results at wavelengths shorter than 560 nm. At 675 nm,
phytoplankton had a maximum contribution among the three components, as expected, due to the
strong Chl-a absorption peak. It is worth noting that the contribution of NAP absorption reaches its
highest level at 695 nm, which indicates that the absorption in the red to NIR by NAP is not negligible.
The seasonal variation in the absorption budget had slight but perceptible trend. For phytoplankton,
the absorption levels in spring were generally larger than those during the other seasons.
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Our results show that use of ternary plots to display sampling data provides a useful approach to
optically characterize natural waters optically. However, due to the co-variability of phytoplankton,
NAP and CDOM, the partitioning of the absorption coefficient varied within a restricted range. The
changes of distribution at a specific wavelength in the ternary plot reveal interesting, but largely
expected, patterns. Thus, through the absorption budget, we can identify specific parts of
the visible spectrum where any one of the three components may dominate the absorption of

apn(A) +anap(A) +acpom(A).
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Figure 16. Ternary plots for all samples used in this study at specific wavelengths showing the relative
contributions of phytoplankton, NAP and CDOM. The relative proportion of a given absorption
component x (scaled in 0 and 1) for a given sample is calculated as x/(x + y + z) where iy and z are the
two other components. The plot is triangular in shape because the three components are constrained to
sum to 1.

4. Conclusions

This study is the first attempt to investigate absorption properties of CDOM and particulates
in Lake Qiandaohu providing a good insight into the natural variability of the coefficients required
for the parameterization of the bio-optical models and the subsequent remote sensing algorithms for
water bodies of this type. Our results showed that the CDOM absorption of Lake Qiandaohu in blue
wavelength band is much lower than that in shallow lakes, such as Lake Taihu. Meanwhile, CDOM
absorption is significantly higher in summer than in other seasons, which gives some evidence of
allochthonous production of CDOM during this season. The slope of the exponential function fitting the
CDOM absorption, Scpom shows relatively small variability for the entire datasets sampled in different
seasons. Although the observed NAP absorption showed some variability, such as a slight increase of
NAP absorption in summer and autumn, which can be attributed to the fact that allochthonous particles
have a relatively greater impact on optical properties during these two seasons. Phytoplankton had an
obvious seasonal cycle, with an especially marked increase in phytoplankton absorption in spring,
simultaneously resulting in an increase in contribution of phytoplankton absorption to the total particle
absorption. Unlike the more typical eutrophic Lake Taihu in China, where sediment resuspension and
algal blooms cause dramatic seasonal variation in particles and CDOM absorption [57], the proportions
of the three kinds of OACs in Lake Qiandaohu were relatively stable and did not change dramatically
over the seasons. Our study also gave an insight into the spatial differences in the summer in the
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optical characteristics, with the results indicating that optical properties are primarily influenced
by allochthonous matters introduced into the lake from the northwestern and southwestern areas
which are the two regions with significant surface runoff inlets and vulnerability to human activity.
Moreover, vertical variability in the optical properties were detected from different seasons, which
gives some evidence that optical properties of water column is vertically inhomogeneous with the fact
that the vertical inhomogeneity in winter is less obvious than other seasons in the certain regions of
Lake Qiandaohu.

Future work will attempt to develop regional algorithms for retrieving water quality parameters
for Lake Qiandaohu using remote sensing. We also plan to study how the external environment, such
as soil erosion and human activity in the upper reaches of the watershed, affects the water environment
with Lake Qiandaohu.
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