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We develop a new approach for remote POC estimation in optically complex lakes.
It provides good POC estimates in conditions when different phytoplankton species dominated.
We show the co-variability of POC and phytoplankton absorption in eutrophic lakes.
POC dynamics were explored using MERIS images in 2011 in Taihu Lake.
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a b s t r a c t
A two step approach was developed to estimate POC concentrations in a shallow eutrophic lake, where dissolved
carbon and inorganic particulate matter strongly inﬂuence optical properties. The approach was based on the
identiﬁcation of a co-variability of POC concentrations with one or more inherent optical properties (IOPs). In
the present case, a relationship between POC and absorption at 620 nm was identiﬁed and was combined with
a reﬂectance based algorithm for case II waters. Compared with other published POC algorithms, this approach
provided better estimates over a wide range of POC concentrations in two hypereutrophic lake waters with
the predominance of cyanobacteria (R2 N 0.80). While it is unlikely that a single POC algorithm can be created
that is independent of the variability of POC sources, this approach allows for a common method to identify
appropriate algorithms with which POC dynamics can be explored.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
In the past two decades, signiﬁcant progress has been made to
explore the optical properties of surface waters using the spectral
water-leaving radiance or surface reﬂectance. Indeed, the remote
assessment of the dynamics of plankton biomass has improved our understanding the spatial–temporal distributions of primary production
and carbon sequestration (Vos et al., 2003; Hu, 2009). Particulate
organic carbon (POC) is an important carbon reservoir, inﬂuencing
both dissolved organic and inorganic carbon cycles and playing a
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fundamental role in the attenuation of solar radiation (Gardner et al.,
2006; Stramska, 2009; Tranvik et al., 2009). POC concentrations
increase due to biological production during photosynthesis, transformations from DOC and upwelling of organic sediment. A reduction in
POC concentrations results from its transformation to DOC, export out
of the surface waters and biological removal mechanisms (Stramska
and Stramski, 2005; Allison et al., 2010b).
Regional to global assessments of POC distributions have allowed for
long-term monitoring of optical and biological processes in ocean
ecosystems (e.g., Loisel et al., 2002; Pabi and Arrigo, 2006; Son et al.,
2009). These approaches were most often based on the relationship
between a single POC constituent and its impact on water leaving
radiance.
Initial POC studies to assess POC dynamics were based on the
relationship between POC and the particulate backscattering coefﬁcient
(bbp) and then between bbp and remote-sensing reﬂectance (Rrs)
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in southern China (Zhang et al., 2007b) (Fig. 1). This lake is characterized by decades of eutrophication and summertime cyanobacteria
blooms, which have been associated to rapid development of the
surrounding catchment (Duan et al., 2009; Ma et al., 2009). A second
set of measurements (42 measurement sites) was made in Chaohu
Lake from May 12–14, 2013, for validation and application of our
remote-sensed POC algorithm.
Surface water samples (n = 137) were collected using Niskin bottles
and frozen at −20 °C for laboratory analysis. The geographic distribution of the sampling sites was not uniform, with the largest number of
the samples from Zhushan and Meiliang Bays, areas with the highest
annual productivity (Duan et al., 2009) (Fig. 1 and Table 1).

(Stramski et al., 1999). Other algorithms have used chlorophyll a
absorption, increased water-leaving radiance due to resuspension or
changes in the diffuse attenuation coefﬁcient (Gardner et al., 2006;
Cetinić et al., 2012; Duan et al., 2014). More recently, reﬂectance ratios
have been used to evaluate surface POC concentrations, including
Rrs(443)/Rrs(555) and Rrs(490)/Rrs(555) (Stramski et al., 2008; Allison
et al., 2010a). In another study, a multispectral approach (Normalized
Difference Carbon Index, NDCI) was shown to improve POC determination in Gulf of Mexico (Son et al., 2009).
Although these developments have signiﬁcantly improved our
understanding of POC dynamics, they are not easily applied to inland
waters, where high productivity, resuspension of inorganic particulate
and high loads of dissolved organic matter create more complex optical
conditions. Most of these approaches are based on the assumption that
there is a single dominant and uniformly distributed particulate component that dominates POC concentrations in the study waters. It remains
extremely difﬁcult to quantify POC reservoirs and ﬂuxes in eutrophic
inland waters where POC dynamics are temporally and spatially
heterogeneous.
The main objective of the present study is to develop a new
approach to estimate POC concentrations in optically complex inland
waters using satellite-derived estimates of remote-sensing reﬂectance.
After development and validation, we applied this new approach to
explore POC dynamics in two large, shallow and highly eutrophic
lakes in southern China.

2.1.2. In situ radiometric measurements
The above-surface remote sensing reﬂectance between 350 and
1050 nm (1 nm resolution) was measured with a FieldSpec Pro Dual
VNIR (ASD, USA) following NASA protocols (Mueller et al., 2003). The
Field-of-View lens with a 5 m ﬁberoptic cable was mounted 2.5 m
away from the boat edge to limit boat shadow effects during the
measurement.
Radiance from the water surface (Lt), as the total upwelling radiance
into the detector, was measured at 40° from the zenith direction
(Mobley, 1999) and assumed to be dominated by the water-leaving
radiance (Lw) and the reﬂected skylight in the direction of the sensor
(Lr):

2. Methods and materials

L t ¼ Lw þ Lr

2.1. Field data

where Lr ≈ ρLs, Ls is the sky diffuse radiance which can be directly measured by the upward directed spectroradiometer and ρ represents the
proportionality factor between Ls and reﬂected sky radiance. The ρ
values generally ranged from 0.026 to 0.028 and all measurements
were made in the central part of the day. We used the average ρ value
(0.027) in the present study.

2.1.1. Study site and data description
Five hydrographic cruises were conducted during January, March,
May, August and November 2011 in Taihu Lake, a large, shallow,
eutrophic lake (surface water area 2338 km2 and mean depth 1.9 m)

ð1Þ

Fig. 1. Geolocations of sample sites in Taihu Lake and Chaohu Lake during measurement campaigns in 2011 and 2013. Taihu Lake was partitioned into seven sections: Zhushan Bay,
Meiliang Bay, Gongshan Bay, West, South, Central and East (Mao et al., 2008; Hu et al., 2010).
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Table 1
POC sampling campaigns in Taihu Lake.
Location

Sampling date

Proxy

Samples

Meiliang Bay and Zhushan Bay
Meiliang Bay and Zhushan Bay
Taihu Lake
Meiliang Bay and Zhushan Bay
Meiliang Bay and Zhushan Bay

Jan 22–Jan 23, 2011
Mar 24–Mar 25, 2011
May 1–May 8, 2011
Aug 31–Sep 2, 2011
Nov 1–Nov 2, 2011

201101
201103
201105
201108
201111

19
26
52
28
12

Remote sensing reﬂectance (Rrs) was determined by comparing the
water leaving radiance (Lw) to the downwelling irradiance (Ed(0+)) just
above water surface,
 
Rrs ¼ Lw =Ed 0þ

ð2Þ

where Ed(0+) was estimated by measuring the upward directed
radiance, Lg, from a diffusely reﬂecting gray reference with the known
reﬂectance Rg,
 
Ed 0þ ¼ Lg π=Rg :

ð3Þ

2.1.3. Underwater measurements
The spectra of underwater downward irradiance at the water surface and at different depths from 0 to 1.5 m of the mixing layer (depth
sampling interval = 0.3 m) were measured using an underwater
spectroradiometer (TriOS) from 320 to 950 nm with a 3.3 nm interval.
The typical noise-equivalent irradiances (NEI) (15 s integration time)
at 400 nm and 700 nm were 0.2 and 0.3 μWm−2 nm−1, respectively.
The average attenuation coefﬁcient of downward irradiance for the
depth interval 0 to z, Kd(λ), was estimated from a nonlinear regression
of the underwater irradiance proﬁles, based on the logarithmic relationship of irradiance with depth (Devlin et al., 2009),
K d ðλÞ ¼ −

1
E ðλ; z2 Þ
ln d
z1 −z2
Ed ðλ; z1 Þ

ð4Þ

where Ed(λ, z1) and Ed(λ, z2) are the downward irradiances at depths z1
and z2, respectively.
2.1.4. Absorption measurements
Spectral absorbance by chromophoric dissolved organic matter
(CDOM) was determined from 200 to 700 nm at a 1 nm interval using
a Shimadzu UV2401 spectrophotometer after the water samples were
ﬁltered through a 0.22-μm Millipore ﬁlters. Milli-Q water was used as
a blank and reference. The absorbance, A(λ), was transformed into absorption coefﬁcients using aCDOM(l) = 2.303A(l) / l, where l is the
pathlength in the cuvette (1 cm) (Del Castillo and Miller, 2008). A baseline was corrected by subtracting the average absorbance between 680
and 700 nm for scattering caused by ﬁne particles.
The particulate pigment and detrital absorptions were detected
using the quantitative ﬁlter pad technique (Lohrenz, 2000; Mueller
et al., 2003). Transmittance was measured with a UV2401 spectrophotometer after ﬁltering with 47-mm Whatman GF/F ﬁlters (pore size
0.7 μm) at a low vacuum. The optical density of the ﬁlters was scanned
from 350 to 800 nm at a 1 nm interval. A blank measurement was made
using a ﬁlter moistened with Milli-Q water prior to scanning particulate
samples. After scanning, the GF/F ﬁlters were rinsed for 30 min with the
sodium hypochlorite and measurements were repeated to obtain the
non-pigment containing detritus absorptions. The optical density of
the blank was subtracted from samples and the ﬁnal absorption was
corrected for internal backscattering by subtracting the averaged absorption from 750 to 800 nm (Lee and Carder, 2004; Lohrenz, 2000).
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The absorption coefﬁcients of total particulates and detritus were
calculated following Lohrenz (2000). The difference between particulate absorption coefﬁcient (ap(λ)) and detrital absorption coefﬁcient
(ad(λ)) was used to provide an estimate of the phytoplankton related
absorption, aph(λ).
2.1.5. Chemical analysis
Samples were ﬁltered through pretreated (6 h at 450 °C) 47 mm
Whatman GF/F glass ﬁber ﬁlters (pore size 0.7 μm) at a low vacuum to
determine the POC concentrations. The ﬁlters were dried at 50 °C for
8 h and then wrapped in aluminum foil (Bernal, 2001). Acidiﬁcation
treatment was performed to remove the carbonates from the ﬁlter,
after which the ﬁlters were dried again and weighed. POC concentrations (mg/m3) were measured by combustion of sample ﬁlters in an
EA3000 elemental analyzer (Parsons et al., 1984; Biddanda and
Benner, 1997).
Chlorophyll a concentrations (Chla) were determined by the
standard spectrophotometric method following extraction using 90%
ethanol (Strickland and Parsons, 1972). Pigment phycocyanin (PC) concentration was measured by a spectroﬂuorophotometer after Tris–HCL
(pH = 7.0) buffer extraction following Duan et al. (2012). The concentrations of total suspended solids (TSS), organic suspended solids (OSS),
and inorganic suspended solids (ISS) were detected gravimetrically
(Gersberg et al., 1986).
2.2. Satellite data processing
Monthly data from the MEdium Resolution Imaging Spectrometer (MERIS) were georeferenced and pixels with land, clouds, coastal
zones, and heavy aerosol load were removed using the BEAM
software (http://www.brockmann-consult.de/beam/) to delineate
the open water features. Atmospheric correction was performed
using the FLAASH method in ENVI IDL (Figs. A.1 and A.2), which
incorporated the MODTRAN 4 radiation transfer code with all
MODTRAN atmosphere and aerosol types to compute a unique
solution for each image (Kutser et al., 2005). No image data for
August 2011 were available due to heavy cloud coverage throughout
the month.
To validate the performance of the POC algorithms using satellite
data, limited ‘matchup’ opportunities were available, using the temporal constraint of +/− 4 h and geographic window +/−4 km with the
ﬁeld measurements (Allison et al., 2010a). The matchup selection
criteria and the number of pixels in the spatial window followed
Bailey and Werdell (2006).
3. Results and discussion
3.1. Biological and optical properties of Taihu Lake
The POC (738.48–-17,122.90 mg/m3), aph(620) (0.04–-3.43 m−-1)
and Chla (1.75–-107.12 μg/L) varied two orders of magnitude
(Table 2). The highest POC, aph(620) and Chla were measured in August.
PC (0.03–-263.71 μg/L) spanned four orders of magnitude, with a maximum in August. aCDOM(440), TSS and ISS had maxima in May.
The absorption budget of the main optically active component (phytoplankton, detritus and CDOM) to total absorption of water (excluding
pure water) showed that detritus had the highest absorption at 440 nm
(43%) (Fig. 2). The average contribution of phytoplankton and CDOM
was 28% and 29%, respectively.
3.2. POC algorithm development and validation
Published POC approaches were evaluated using the biological,
chemical and optical data from Taihu Lake, including: POC versus
bbp(590), POC versus Kd(490), POC versus blue-green ratios (Rrs(443)/
Rrs(555), Rrs(490)/Rrs(555)) and POC versus NDCI (Table 3 and
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Table 2
Biological and optical properties of water samples obtained in ﬁve sampling campaigns in Taihu Lake, including particulate organic carbon (POC), pigment absorption at 620 nm
(aph(620)), CDOM absorption at 440 nm (aCDOM(440)), total suspended solids (TSS), inorganic solids (ISS), chlorophyll a concentration (Chla) and pigment phycocyanin (PC). Descriptive
statistics contain: maximum (Max), minimum (Min) and variance (Stdev).
Cruise

POC(mg/m3)
Max

aph (620) (1/m)

Min

Stdev

201101
6902.28 1480.60 1345.41
201103
2135.77
861.33
380.59
201105
4444.67
738.48
790.75
201108 17,122.90 2678.39 3064.01
201111
5307.15 1626.60 1312.68
Total
17,122.90
738.48 2152.90

aCDOM (440)
(1/m)

TSS (mg/L)

Max Min

Stdev Max Min

Stdev Max

0.85
0.41
0.74
3.43
0.89
3.43

0.18
0.09
0.12
0.75
0.22
0.44

0.60
0.74
0.90
0.30
0.25
0.66

0.17
0.05
0.04
0.26
0.15
0.04

2.42
2.70
4.16
1.63
0.94
4.16

0.57
0.42
0.40
0.42
0.28
0.28

ð5Þ

where aest and aﬁe represent the estimated and ﬁeld observations
respectively, and N is the sample size. afie denotes the average of ﬁeld
measurements.
No relationship between vertical attenuation and POC concentrations was found (Table 3) indicating that algorithms based on changes
in downwelling irradiance were not appropriate. Likewise, no signiﬁcant relationship between backscattering and POC concentrations was
observed (Table 3) while there was a strong relationship between Kd
and ISS (Fig. 3), conﬁrming the dominant role of resuspended inorganic
particles (Jiang et al., 2013; Zhang et al., 2007a).
In ocean waters, POC concentrations are often determined by changes in phytoplankton carbon with the POC/Chla ratio remaining locally or
regionally consistent (Stramska and Stramski, 2005; Behrenfeld et al.,
2005). Estimating POC by using a chlorophyll related blue-to-green
ratio has been successfully used to monitoring changes in phytoplankton biomass across decadal time scales (e.g., O'Reilly et al., 2000). Two
relationships have most often been used: Rrs(443)/Rrs(555) and
Rrs(490)/Rrs(555). In Taihu Lake, both of these relationships provided
poor but signiﬁcant relationships with POC concentrations, with a
high relative error (Str99, Table 3).
The Normalized Difference Carbon Index (NDCI) is a multiplewavelength approach used for oceanic waters for POC estimation
0.00

1.00

0.25

CD
OM

a

0)
44
a d(

(44
0)

0.75

0.50

0.50

0.75

0.25

1.00
0.00

0.00
0.25

0.50

0.75

Stdev Max

44.45
9.40
8.13
24.80
53.80
7.76 10.49
43.60
150.60 10.92 27.56 132.45
70.95 18.90 12.87
53.85
22.68 14.56
2.92
16.96
150.60
7.76 21.11 132.45

Fig. A.3). The relative root mean square error (RMSE) was used to assess
the performance of the POC algorithms:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
2
N
u1 X
ðaest −afie Þ =afie
RMSE ¼ t
N i¼1

Min

ISS (mg/L)

1.00

aph(440)
Fig. 2. The relative contributions of the main optically active components to water body at
440 nm in the ﬁve cruises after removing the contribution of pure water (CDOM, aCDOM;
detritus, ad and phytoplankton pigment, aph).

Min

Chla (μg/L)
Stdev Max

Min

PC (μg/L)
Stdev Max

Min

Stdev

4.20
6.35
32.06 10.80
7.69
47.54 0.03 14.11
6.14
9.18
47.71
3.68 11.53
2.54 0.21
0.47
6.92 25.06
46.70
1.75 10.02
2.13 0.14
0.48
6.40 10.20 107.12
8.99 20.51 263.71 1.57 57.96
8.48
2.72
62.56 10.65 15.24
92.25 0.42 26.18
4.20 19.01 107.12
1.75 14.31 263.71 0.03
6.83

which has been shown to be less sensitive to shifting radiance peaks
from different particle components in the water column (Son et al.,
2009). NDCI, like NDVI for land vegetation, is based on the normalized
difference of remote sensing reﬂectance in two wavelengths, Rrs(443)
and Rrs(555). Using NDCI with the present dataset, the determination
coefﬁcient improved, while the overall performance of the index was
poor (Table 3).
A blue-to-red ratio (Rrs(443)/Rrs(620)) was also explored, but did
not provide strong results (R2 = 0.15, n = 137, P N 0.05). This can be associated to the inﬂuence of CDOM absorption as well as the expected
impact of inorganic particulate on water reﬂectance (Wu et al., 2007).
Based on these results, a POC algorithm for case II waters should
utilize wavebands that take advantage of lake optimized wavelengths
for phytoplankton absorption and suspended solids backscattering
(organic and inorganic), while avoiding problems related to CDOM
absorption (Le et al., 2009). The relationship needs to be robust to temporal and spatial variations in phytoplankton communities, variations
in organic carbon per cell and sensitive to all major POC pools, phytoplankton, heterotrophic organisms and organic detritus (Allison et al.,
2010a; Pabi and Arrigo, 2006).
To better identify the relationship between POC concentrations and
absorption, individual wavelengths of particulate absorption were
examined. Results indicated a variation between the ﬁve cruises
(Fig. 4), where POC concentrations ranged from 700 to 18,000 mg/m3.
In general, the absorption decreased with increasing wavelength.
Furthermore, the correlation between POC and absorption showed a
distinct minimum around 550 nm (where phytoplankton particulate
has a low absorption) and a maximum between 620 and 690 nm
(where phytoplankton pigments absorption is high). Inorganic particulate absorption was highest at low wavelengths and contributed to the
poor correlation between particulate absorption and POC at
wavelengths below 450 nm. Similar relationships between detritus
absorption did not show correlation coefﬁcients above 0.3 for any wavelengths while there was a high correlation between phytoplankton
absorption and POC (Fig. 5). These data indicate that the optical characteristics of POC in this lake were largely controlled by the absorption
and backscattering characteristics of phytoplankton biomass.
Taihu Lake is highly eutrophic, with phytoplankton communities
that have spatial and temporal variations. In general, dominant taxa
vary between summer, winter and spring (or autumn): Cyanophyceae,
Diatomacae and Chlorophyceae, respectively (Chen et al., 2003). The
phytoplankton pigment absorption best related to POC concentrations
was examined considering the measured concentrations of chlorophyll
a and phycocyanin. The highest linear correlation (R2 = 0.89) was
found with phycocyanin, where the average phycocyanin/POC ratio
was 0.002 compared to the average Chla/POC ratio of 0.007.
It should be noted that POC and DOC can covary due to shared links
with bacterial (negative) and phytoplankton (positive) activity. No correlation was observed between POC and DOC in Taihu Lake (R2 = 0.03,
n = 137, P N 0.05).
The best optical link between POC and the inherent optical properties of this eutrophic shallow lake was related to the concentration of
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Table 3
Summary of the remote sensing-based POC algorithms applied to data from measurement campaigns in Taihu Lake.
Algorithms

Equations

Gar06 (Gardner et al., 2006)

POC = 41.88 × Kd(490) + 1453
R2 = 0.02, RMSE = 72%, n = 28, P = 0.49
POC = 2366.40 × bbp(490)0.18
bbp(490) = 0.237 × exp(97.814 × Rrs(830))
R2 = 0.03, RMSE = 67%, n = 137, P = 0.11
POC = 928.99 × (Rrs(443) / Rrs(555))−1.00
R2 = 0.21, RMSE = 67.13%, n = 137, P = 0.01
POC = 1162.80 × (Rrs(490) / Rrs(555))−1.21
R2 = 0.17, RMSE = 70.67%, n = 137, P = 0.00
Log(POC) = −12.24 × N3 + 18.31 × N2 − 6.91 × N + 3.97
N = (Rrs(555) − Rrs(443)) / (Rrs(555) + Rrs(443))
R2 = 0.28, RMSE = 85.55%, n = 137, P = 0.49

Str99 (Stramski et al., 1999)

Str08 (Stramski et al., 2008)

Son09 (Son et al., 2009)

Rw ð778:75Þ
bb ð778:75Þ ¼ 1:61  0:082−0:6R
w ð778:75Þ
h
i
Rrs ð709Þ
aph ð620Þ ¼ Rrs ð620Þ  ðaw ð709Þ þ bb ð778:75ÞÞ−bb ð778:75Þ−aw ð620Þ  δ−1

Two step approach (this study)

POC = 4521 × aph(620) + 1013
R2 = 0.88, RMSE = 25.36%, n = 137, P = 0.00

phytoplankton biomass and, in particular the concentration of phycocyanin (R2 = 0.88, N = 137, P b 0.01).

while the absorption of phytoplankton pigment at 620 nm was calculated
using a band-ratio algorithm:

POC ¼ 4521  aph ð620Þ þ 1013:

aph ð620Þ ¼

ð6Þ

Remote sensing reﬂectance from the lake surface is a function of the
ratio between backscattering and absorption of the dominant optical
components within the effective upwelling depth (Ma et al., 2011b).
Bio-optical models to estimate the concentrations of lake components
are based on changes in the water-leaving radiance resulting from
backscattering and absorption. A band-ratio approach for optically
turbid waters (Simis et al., 2005) was used to estimate phycocyanin
concentrations providing the relationship between backscattering
(bb(778.75)) and the water-leaving reﬂectance (Rw(778.75)) as:
bb ð778:75Þ ¼ 1:61 

Rw ð778:75Þ
0:082−0:6  Rw ð778:75Þ

ð7Þ

10.0
2

9.0

R =0.88
n=28

8.0

ð8Þ
where aw represents absorption coefﬁcient of pure water. The correction
term δ describes the average ratio of retrieved absorption versus measured absorption by pigments PC and chlorophyll at 620 nm, which is
the slope calculated by a linear least-squares ﬁt of ‘uncorrected’ retrieved
absorption against ﬁeld aph(620) (Eq. (8), δ = 1). It reﬂected the eutrophic state with predominance of cyanobacteria of the present ecosystems
and would differ for signiﬁcantly different local optical conditions (Simis
et al., 2005).
This band-ratio approach has been used with phycocyanin concentrations ranging from 1.85 to 50.80 mg/m3 (Simis et al., 2005). Our
study had a larger range (0.30 to 100.53 mg/m3) but a similar average
value of 14.00 mg/m3. Using ﬁeld data from Taihu Lake, a correction
factor of δ = 0.78 was estimated. On the basis of in situ reﬂectance
measurements, Eq. (7) provided a very good estimate of phycocynanin
concentrations (R2 = 0.92, N = 137, P b 0.01) (Fig. 6) for the Taihu Lake
datasets. Combining the close relationship between phycocyanin and
POC and this two-band ratio model, results showed a very high predictability and very low error (Table 3).

7.0

1.0

6.0

(b)

POC vs. ap

0.8

5.0

Correlation r

-1

Kd(490) (m )



Rrs ð709Þ
 ðaw ð709Þ þ bb ð778:75ÞÞ−bb ð778:75Þaw ð620Þ
Rrs ð620Þ
 δ−1

4.0
3.0
2.0
(b)
1.0
0

10 20 30 40 50 60 70 80 90 100

ISS(mg/L)
Fig. 3. The concentration of inorganic suspended solids (ISS) in relation to the diffused attenuation coefﬁcient, Kd(490) (n = 28) in January (8 samples) and May (20 samples)
campaigns in Taihu Lake.

0.6
0.4
0.2
0.0
400

201111
201105

450

500

550

201101
201108

600

201103
Total

650

700

Wavelength (nm)
Fig. 4. The correlation coefﬁcient (r) between POC and particulate absorption (ap(λ)) for
ﬁve measurement campaigns. The correlation at 620 nm is indicated by a vertical dashed
line and the maximum of correlation is indicated by a dot.
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5

1
201101
201103
201108
201105
201111

ad(620)(nm )

-1

-1

aph(620)(nm )

1

0.5

0.5

0.1

0.1

POC=4521×aph(620)+1013
2

R =0.88, n=137, P<0.01
0.03
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(a)
19000

(b)
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600
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10000 19000

3

POC(mg/m )
Fig. 5. Relationships for POC concentrations (a) phytoplankton pigment absorption (aph(620)) and (b) detritus absorption (ad(620)).

The validation of this approach was made comparing the matchup
observations of POC concentrations obtained from in situ and satellite
based estimates using the matchup criteria of +/−4 h and +/−4 km.
Following these criteria, only MERIS data from May 1, 2011 was available (Fig. 7). The estimated POC concentrations showed a good correlation to those measured in situ, with a limited scatter over the 1:1 line.
The estimation errors can be associated to those of most satellitederived products: imperfect calibration of instruments, atmospheric
correction and solar conditions, etc.

3.3. POC dynamics in Taihu Lake
The aph(620)-based algorithm was used with monthly MERIS data to
assess the temporal and spatial variability of POC in Taihu Lake in 2011.
The valid pixels of the MERIS data were determined following the
standard European Space Agency method based on the ﬂags for clouds,
sun glint, land, coastline and other failure conditions (e.g., negative
water-leaving radiance). Those pixels containing severe algal blooms,
Rrs(745)/Rrs(665) N 3.0 were removed to avoid the interference of ﬂoating algal blooms on POC estimation (Simis et al., 2005). The number of
invalid pixels was highest in the summer months, due to heavy cloud
cover and severe algal blooms.

Field measurements of POC concentration varied from 700 to
18,000 mg/m3, with the highest concentrations found in August
(2500–18,000 mg/m3) (Table 2). The range of satellite-derived POC
concentrations was 0 to 6000 mg/m3, lower due to the fact that no
satellite data was available for August as a result of elevated cloud
coverage. We compared in situ measurements with satellite-derived
POC concentrations from January, March, May and November 2011.
The results showed that remotely estimated POC ranged of 350–
4800 mg/m 3 in January, 800–3600 mg/m 3 in March, 1200–
3900 mg/m 3 in May and 800–3200 mg/m 3 in November. This
showed a general agreement with the range of ﬁeld measurements
(700–7000 mg/m3) although satellite estimates were slighter lower
than ﬁeld measurements (Fig. 7), which might result from the atmospheric errors and removal of pixels with algal blooms.
The distributions of POC show signiﬁcant spatial heterogeneity
(Fig. 8) with the highest POC concentrations occurring in the closed
bays in May 2011 (Zhushan, Meiliang and Gongshan bays), where the
POC concentrations were above 3000 mg/m3. During the spring and
autumn, elevated POC concentrations were present in the west and
south part of the lake. The eastern lake section was removed from the
analysis, where submerged and emergent aquatic vegetation are present (Ma et al., 2011a). The average concentration of each section
shows a strong seasonality (Fig. 9). The POC maxima in the three bays
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occurred only once per year (May) and had the highest average concentrations of any lake section. In the open lake areas (West, South and
Central), multiple maxima occur, in particular in May and December.
This is consistent with previous satellite-based estimates of elevated
chlorophyll a concentrations (Zhang et al., 2011).
The highest spatial heterogeneity was observed in the summer
and fall months, with POC concentrations generally higher than
2000–3000 mg/m3, but covering a wide range of b1000–5000 mg/m3

(Fig. 10). The lowest spatial variation of POC was observed in May
with POC concentrations near 1000 mg/m3.
3.4. Application of the POC algorithm to other eutrophic inland waters
The relationship between pigment absorption at 620 nm and POC
concentrations is based on the importance of cyanobacterial biomass
within the total POC (in August, R2 = 0.92, n = 28). However, the
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Fig. 9. Mean POC concentration for six sections of Taihu Lake in 2011.

algorithm also provided strong results when other phytoplankton species (Diatomacae and Chlorophyceae) dominate the phytoplankton
community in Taihu Lake (in winter and spring).
Chaohu Lake is another hypereutrophic lake in south China, characterized by extensive summertime cyanobacterial blooms (Xie et al.,
2005). Simulated MERIS reﬂectance bands using in-situ reﬂectance
measurements and concentrations from 42 measurement sites obtained
in May 12–14, 2013 were used. We modiﬁed the correction factor based
on ﬁeld data from Chaohu Lake dataset to δ = 0.54. The comparison of
ﬁeld and remotely estimated POC concentrations showed a strong

6.0
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Probability density (%)

4.0

correlation (R2 = 0.81, RMSE = 25.11%, N = 42). Remotely estimated
POC concentrations were found to have a similar range, 1000–
13,000 mg/m3, and a similar spatial distribution as that measured in
the ﬁeld (Fig. 11).
The algorithm for retrieving pigment absorption at 620 nm has been
applied for cyanobacteria-dominated waters with the averaged PC concentrations from 1.85 to 50.80 mg/m3 (Simis et al., 2005). In this study,
PC concentrations ranged from 0.30 to 100.53 mg/m3 in Taihu Lake and
12.48 to 778.81 mg/m3 in Chaohu Lake. The correction factors, δ, for
these highly eutrophic environments were 0.78 for Taihu Lake and
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Fig. 10. The probability density of surface POC concentration from MERIS imagery in Taihu Lake. These distributions used a constant interval to count the number of occurrences of POC
values and determine the ratio of total count within the interval to the overall total count to obtain the probability density of POC concentrations: Interval = (POCmax − POCmin) / 256,
where POCmax, POCmin represented the maximum and minimum of satellite-derived POC.

G. Jiang et al. / Science of the Total Environment 532 (2015) 245–254

14000.00
10000.00

South Florida] for his valuable suggestions to improve this manuscript.
We thank the Scientiﬁc Data Sharing Platform for Lake and Watershed
(SDSPLW), Nanjing Institute of Geography and Limnology, Chinese
Academy of Sciences (NIGLAS, CAS) for providing the production and
distribution of water color data. We also thank Zeren Wang, Changfeng
Wang, Lin Qi, Jiahui Huang, Jing Li, Qi Hu, Jiawang Rao, Chenlu Zhao and
Yuchao Zhang for their invaluable contributions to the execution of our
ﬁeld program and data processing. We are also grateful to the two anonymous reviewers for their constructive remarks and comments.

1:1 line

8000.00
3

Retrived POC (mg/m )

253

6000.00

4000.00

Appendix A. Supplementary data
2000.00

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.05.120.
1000.00
14000.00

10000.00

8000.00

6000.00

4000.00

2000.00

1000.00

3

In situ POC (mg/m )
Fig. 11. Estimated versus measured POC concentrations for May 2013 in Chaohu Lake.

0.54 for Chaohu Lake. While δ was a good proxy for the eutrophic state
in cyanobacteria-dominated waters, the contribution of CDOM and
tripton to optical conditions (absorption and/or scattering) of the
surface water layer should also be considered.
4. Conclusions
The complex optical conditions in eutrophic shallow lakes, such as
those in the present study, impose limits to the effectiveness of optical
algorithms. The two step approach is based on the co-variability of
POC concentrations with one or more inherent optical properties
(IOPs). In the present case, a relationship was determined between
POC and absorption at 620 nm, typical of phycocyanin. This results
from the dominate role played by cyanobacteria in these highly eutrophic lakes (Chla: 1 to 110 μg/L).
We combined this relationship with a reﬂectance based algorithm
for estimating 620 nm absorption to assess the distribution of POC
concentrations for two different lakes and throughout seasons with
different dominant phytoplankton species. Compared to other POC
estimation approaches, this two step approach provided better results
over a wide range of POC concentrations (700 to 18,000 mg/m3).
While the equations developed through this approach worked successfully, it is unlikely that a single POC algorithm can be created that is
independent of the variability of POC sources. However, the two step
process allows for a common approach to identify appropriate
algorithms with which POC dynamics can be determined.
Its application with MERIS data for POC distribution underscores the
need for spectral bands which cover the range of optically active components of aquatic ecosystems, e.g., chlorophyll a (665 nm) and phycocyanin (620 nm). Furthermore, future application of this modeling
approach will depend on the continued efforts to develop robust POC
algorithms and ﬁeld validation.
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