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Abstract: Three artificial neural network (ANN) processors available as plug-in 
modules for the Basic ERS & ENVISAT (A)ATSR and MERIS Toolbox (BEAM) 
were validated in Lake Taihu, China. Mean deviations of reflectance derived from 
Lakes\Boreal and Lakes\Eutrophic were 10–90%, while reflectance from the 
 FUB-WeW processor showed larger errors. All processors showed underestimates 
of chlorophyll a (Chl-a), total suspended matter (TSM), and phytoplankton pigment 
absorption, while particulate scattering values were severely overestimated. None 
of the readily available MERIS processors is currently able to separate atmospheric 
and water-leaving radiance over Lake Taihu, while the retrieval of phytoplankton 
biomass through ANN processors shows promise. 

INTRODUCTION 

Global waters are partitioned into Case-1 or Case-2 according to a classifica-
tion scheme introduced by Morel and Prieur (1977) and refined later by Gordon and 
Morel (1983) (see also Sathyendranath and Morel, 1983). Case-1 waters are those 
found in the open ocean where water color depends mainly on phytoplankton den-
sity and can therefore be described as a function of the concentration of chlorophyll 
a (Chl-a). Traditional remote sensing algorithms based on the blue-green ratio have 
been developed and successfully applied to estimate Chl-a concentrations in Case-1 
waters (Gordon and Morel, 1983). However, these algorithms are not appropriate for 
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optical Case-2 waters, commonly found in coastal and inland ecosystems, where water 
color does not necessarily co-vary with Chl-a concentration. Dedicated algorithms for 
Case-2 waters are required, which discern the contributions of the three major optically 
relevant components—i.e., phytoplankton pigments with Chl-a as a proxy, total sus-
pended matter (TSM), and colored dissolved organic matter (CDOM) (IOCCG, 2000). 

Lake Taihu (31.15° N, 120.15° E), the third largest freshwater lake in China, is a 
large (2,338 km²), shallow (1.9 m), and eutrophic lake with a broad range of optical 
properties influenced by recurring phytoplankton blooms. Blooms of cyanobacteria 
(mainly Microcystis aeruginosa) in the summer of 2007 affected nearby Wuxi City 
significantly, depriving more than 1 million people of access to clean drinking water, 
as the lake water was deemed unsuitable due the presence of phycotoxins (Guo, 2007, 
Duan et al. 2009). The strong variation of optical properties and water constituents 
of Lake Taihu presents a challenge for the use of generic optical models and remote 
sensing algorithms (Ma et al., 2006a, 2006b; Duan et al., 2012; Zhang et al., 2009).

The Medium Resolution Imaging Spectrometer (MERIS) onboard the ENVISAT 
mission of the European Space Agency (ESA) was primarily intended for ocean and 
coastal water remote sensing (Rast et al., 1999). The spatial resolution (300 × 300 m 
at nadir) and spectral properties (15 narrow bands in the visible and near-infrared) of 
MERIS, and the revisit period of one to three days (latitude dependent) of ENVISAT, 
render the sensor also suitable for larger inland waters (Alikas and Reinart, 2008; 
Gons et al. 2008; Odermatt et al., 2008, 2010). Although the ENVISAT satellite was 
suddenly lost on April 8, 2012 after its tenth year in orbit (http://www.esa.int/esaCP/
SEM1SXSWT1H_index_0.html), the follow-on Sentinel-3 satellite will carry an 
Ocean and Land Color Instrument (OLCI) similar to that of MERIS and is planned to 
be launched in 2013 (Malenovský et al., 2012). 

MERIS Case-2 water quality parameters (phytoplankton biomass, yellow sub-
stances) have been part of the standard MERIS L2 processing routine since the first 
versions of the MERIS processor (MEGS). As the quality of the products was not 
 satisfactory for many users in the coastal and inland water community, alternative code 
has been developed, of which three processors over inland Case-2 waters are available 
as plug-in modules for the Basic ERS & ENVISAT (A)ATSR and MERIS Toolbox 
(BEAM), a free toolkit for ENVISAT imagery processing (http://www. brockmann-
consult.de/cms/web/beam/). 

Two processors (Lakes\Boreal and Lakes\Eutrophic) were developed for MERIS 
L1B data in the MERIS lakes project funded by ESA. These processors are artificial 
neural network (ANN) algorithms that output reflectance, inherent optical properties 
(IOPs), and water quality parameters such as Chl-a and TSM. The training data sets 
were based on measurements and optical modeling from a number of Finnish and 
Spanish lakes for the Lakes\Boreal and Lakes\Eutrophic processors, respectively, while 
the architecture of the processors is similar to the previously published Case2Regional 
(C2R) processor, also available in BEAM but not intended for use with lakes (Doerffer 
and Schiller, 2007). The third processor (FUB-WeW) evaluated here was developed 
at the Free University of Berlin. It generates reflectance and water quality parameters 
for Chl-a, TSM, and the absorption of yellow substance at 442 nm (Schroeder et al., 
2007b). The core of the processor consists of two ANNs. One network performs the 
atmospheric correction and derives reflectances at the Bottom-Of-Atmosphere (BOA), 
whereas the other one retrieves the concentrations of the water constituents directly 
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from the Top-Of-Atmosphere (TOA) measured radiances (Doerffer and Schiller, 2007; 
Schroeder et al., 2007b). 

Even though there have been a number of advances, the number of applications 
of MERIS imagery to lakes is nevertheless low, owing primarily to insufficient qual-
ity of atmospherically corrected products. The foremost shortcomings in the atmo-
spheric correction over lake sites originate from either of two sources. The first is 
the high influence of atmospheric path radiance derived from neighboring land pixels 
(the adjacency effect), which is especially problematic with smaller lakes (Santer and 
Schmechtig, 2000; Ramon and Santer, 2001; Guanter et al., 2007). The second source 
of error derives from a restricted parameterization of the processor (or the use of a lim-
ited training data set) that does not cover the full range of optical properties that may 
be observed in lakes (Gleason and Im, 2011). The aim of this study is to investigate 
whether the MERIS Case-2 water processors, specifically those designed for use with 
lakes, are robust enough to monitor changes in optical variables in Lake Taihu. We 
apply the FUB-WeW and ESA-Lakes algorithms to MERIS full-resolution (FR) data 
over Lake Taihu, and test how the derived products compare to in situ measurements. 

METHODOLOGY

Field Data

Water sampling and measurements were performed from 94 sites visited during 
a cruise between June 10 and June 18, 2007 (Fig. 1). At each station GPS coordinates 
(0.3–3 m accuracy) were recorded and water transparency was measured with a sec-
chi disk ~20 cm in diameter (Duan et al., 2010). Water samples were collected at the 
surface (to about 30 cm water depth) with standard 2-liter polyethylene water samples 
acquired immediately after remote sensing reflectance measurement. The samples 
were stored in the dark with ice bags for about four hours before conducting pigment 
absorption and concentration measurements in the laboratory.

Reflectance Measurements. Reflectance was obtained from measurements of the 
radiance above the water (Lsw), sky radiance (Lsky) emitted from the water surface and 
sky, and the radiance scattered from a diffuse reflectance plate (Lp) using a FieldSpec 
Pro Dual VNIR (ASD Ltd., USA), following the the NASA Ocean Optics protocols 
outlined in Mueller et al. (2003). The zenith and azimuth (with respect to the sun azi-
muth) angles were 40° and 135°, respectively (Duan et al., 2012). The measurements 
were made from a location that minimizes shading, reflections from superstructure, 
ship wake or associated foam patches, and whitecaps. Moreover, measurements under 
broken bright clouds were avoided. Remote sensing reflectance Rrs was defined here as 
the MERIS level-2 standard product “normalized water-leaving reflectance” (Antoine 
and Morrel, 2005; Gons et al. 2005):

(1) Rrs 
Lw

Ed 0+ 
-----------------

Lsw Lsky–

Lp p
-----------------------------= =

where Lw is water-leaving radiance that emerges from the water, determined just above 
the water-air interface at a level conventionally denoted 0+; Ed(0

+) is the downwelling 
irradiance just above the surface; ρ is the dimensionless air-water reflectance related 
to the surface Fresnel reflectance and often taken as 0.02 for moderate wind speed and 
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moderate solar and viewing angles (Mobley, 1999); and ρp is the reflectance of the 
diffuse reflectance plate. 

Backscattering Measurements. The backscattering coefficients, including the 
contribution by water, were measured with a HOBI-labs Hydroscat-6 (HS-6) in six 
wavebands centered at 442, 488, 532, 589, 676, and 852 nm, following the standard 
methodology (HOBI-labs, 2003): (a) the sensor was calibrated before the field cam-
paign; (b) at each sampling site, the sensor was immersed to a depth of 30–50 cm for 
at least three minutes; (c) the measured backscattering coefficients were examined to 
leave out exceptional data, and the mean of the remaining measurements was calcu-
lated; (d) sigma correction was made to improve the accuracy of the backscattering 
measurements; (e) the backscattering coefficients, not including the contribution of 
pure water (bTSM), were derived by subtracting the backscattering coefficients of pure 
water from the total backscattering coefficients. More details are described by Ma et 
al. (2009).

Concentrations of Water Constituents. Dissolved organic carbon (DOC) con-
centrations were measured with a type 1020 TOC carbon analyzer (OI Corp., USA) 
after the sample was filtered through Whatman GF/F glass fiber filters (0.70 μm nomi-
nal pore size). Chl-a was measured spectrophotometrically. Samples were first filtered 
onto Whatman GF/F glass fiber filters, which were soaked in 90% ethanol in the dark 
for 4–6 hours. The sample was then heated to 80–90°C for 3–5 minutes. Absorbance 
at 665 and 750 nm of the extract was measured with a UV2401 spectrophotometer 
(Shimadzu Corp., Japan) and Chl-a was calculated according to the filters reference 
using pure water.

Total suspended matter (TSM) concentrations were determined gravimetrically 
from samples collected on pre-combusted and pre-weighed GF/F filters with a diam-
eter of 47 mm, dried at 95°C overnight. TSM was differentiated into suspended par-
ticular inorganic matter (SPIM) and suspended particular organic matter (SPOM) by 
burning organic matter from the filters at 550°C for three hours and weighing again. 

Absorption Measurement. The absorption by total suspended matter, pigment, 
and detritus was determined using the quantitative filter technique. Particulate matter 
from a known water volume was concentrated onto a 47 mm Whatman GF/F filter 
(Yentsch, 1962). Absorption of TSM was measured using a Shimadzu UV2401 spec-
trophotometer (Shimadzu Corp., Japan) at 1 nm intervals in the range from 400 to 700 
nm. The filter was placed in close proximity to the detector/collimator (distance 2–3 
mm), and no diffuser was used. The optical density at 750 nm was subtracted from the 
absorbance spectrum, which was subsequently corrected for path-length amplification 
following Cleveland and Weidemann (1993):

 ODs = 0.378ODf + 0.523OD2
f ODf  ≤ 0.4 (2)

where ODf and ODs are the optical densities before and after correction for path-length 
amplification. Absorption by total particulate matter (ap) was then calculated as:

(3) ap   2.303 S
V
--- ODs  =

where S is the clearance area of the filtration manifold and V the volume of water 
concentrated onto the filter. 
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After measurement of the total particulate absorption, the filter was soaked in 
methanol for 4 hours to dissolve phytoplankton, and rinsed with filtered water. 
Phytoplankton was dissolved in methanol and the remaining particles on the filter 
were non-phytoplankton particles. The spectral optical density of non-algal particulate 
(ad(l)) was then measured with the same method as described for ap(l). Subsequently, 
the phytoplankton pigments absorption aph(l) was obtained by subtracting ad from ap. 

CDOM was obtained by serial filtration through a Whatman GF/F filter, and then 
refiltered through a Millipore filter with 0.22 μm pores. CDOM absorption was mea-
sured using a spectrophotometer, with distilled water as reference. Scans were taken at 
1nm intervals between 280 and 700 nm. The absorption coefficient was calculated as: 

(4) a'g   m 1–  2.303 OD  
r

-----------------=

where r is the path length in the cuvette. To correct for scattering caused by fine par-
ticulates in the filtrate, we applied a baseline correction following Keith et al. (2002):

(5) ag   m 1–  a'g   a'g 700 –
 
700
---------=

where a′g (l) and ag (l) are, respectively, the uncorrected and corrected absorption 
coefficient. 

MERIS Imagery and Validation Data

One cloud-free MERIS FR image was obtained during the field campaign, on June 
11, 2007. Frequent cloud cover over Lake Taihu prevented more match-ups between 
satellite overpasses and the field measurements. Figure 1 is a detailed map of Lake 
Taihu, where eight in situ stations were used for the validation analysis. However, sta-
tion 8 was not used in the validation of FUB products, which did not output any valid 
data. The time span between field and the MERIS observation was approximately 2 
hours, short enough for comparison of the spectral reflectance. 

Case-2 Water Algorithms

The Lakes\Boreal and Lakes\Eutrophic share the same code for atmospheric 
correction, which is based on the Case2Regional processor. Therefore, two differ-
ent atmospheric correction codes (C2R Lakes and FUB) and three water constituent 
retrieval algorithms (Lakes\Boreal, Lakes\Eutrophic, and FUB) are compared from the 
processors available for BEAM. BEAM can be downloaded freely from the BEAM 
Project home page (http://www.brockmann-consult.de/beam/) and the processor plug-
ins are also documented there. The atmospheric correction algorithms are both based 
on radiative transfer simulations using ANN techniques, and the input variables are 
determined from a large set of simulated atmospheric and water conditions. Their 
output differs because of the use of different sets of simulated input data in the train-
ing data set. The C2R Lakes processor outputs water-leaving reflectances in 12 bands 
(412, 442, 490, 520, 560, 620, 665, 681, 709, 756, 778, and 865 nm) (Doerffer and 
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Schiller, 2008), while the FUB processor yields eight of the fifteen MERIS bands (412, 
442, 490, 510, 560, 620, 665, and 709 nm) (Schroeder et al., 2007a). 

The output of the C2R Lakes ANN further includes the phytoplankton pigment 
absorption coefficient at 442 nm (aph(442)), the absorption coefficient of gelbstoff at 
442 nm (ag(442)), the summed absorption of dissolved yellow substances and non-
pigmented particulate matter (atotal(442)), and the scattering coefficient of TSM at 442 
nm (bTSM(442)). The C2R Lakes processors also produce the concentrations of Chl-a 
and TSM based on their IOPs (Kratzer et al., 2008). However, the FUB processor pro-
duces only three water quality parameters Chl-a, TSM, and ag(442). 

Because simultaneous measurements of water-leaving reflectance spectra and 
water constituent concentrations were limited, the training data set for the ANNs was 
based on a large table (C2R Lakes > 80,000 entries, and FUB > 30,000 entries) gener-
ated with the HYDROLIGHT radiative transfer model (Mobley, 1994). The underly-
ing bio-optical models relating scattering and absorption coefficients to concentra-
tions are based on measurements in Case-2 water and the literature (Schroeder et al., 
2007b). For the Lakes\Boreal processor, the bio-optical model was based on mea-
surement in Finnish lakes, characterized by high concentrations of dissolved organic 
matter, while input data for the Lakes\Eutrophic water quality processor were based 
on measurements from eutrophic lakes and reservoirs in Spain (Table 1; Doerffer and 
Schiller , 2008). Differing from the Lakes\Eutrophic and Lakes\Boreal processors, the 
training data for the FUB processor were mostly taken from published measurements 
or parameterizations (Schroeder et al., 2007b).

RESULTS

Remote Sensing Reflectance Validation

The in situ measured reflectance over Lake Taihu is characterized by a strong slope 
in the short wavelength range up to a maximum around 560 nm, caused by blue light 
absorption by yellow substances and phytoplankton (Figs. 2A and 2D). The reflec-
tance derived from MERIS using the Lakes and FUB processor is considerably lower 
across the entire spectrum (Figs. 2B and 2C), which suggests overcorrection of atmo-
spheric effects. The spectral shapes for the MERIS and in situ spectra are very similar 
at all stations (Figs. 2A, 2B, 2D, and 2E). Figure 2C shows the scatter plots comparing 
Lakes reflectance against in situ reflectance, while Figure 2F compares FUB reflec-
tance against in situ reflectance. Results show that the correlations were quite good, 
with the coefficient of determination (R2) = 0.7903 and 0.7331, respectively. 

Figure 3 shows the relative errors of the atmospherically corrected results when 
compared with in situ reflectance, where relative error is defined as

(6) Relative error
Rinsitu RMERIS–

Rinsitu
-----------------------------------------100%=

with Rinsitu being the in situ remote sensing reflectance and RMERIS the atmospherically 
corrected MERIS reflectance. 

For the C2R Lakes algorithm, the green-red part (bands 5 and 6) of the spectrum 
has small relative errors around 5%–70%, while station 1 and 2 show large relative 
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errors, and station 3 and 4 show small relative errors (Fig. 3A). Compared with C2R 
Lakes, FUB reflectance shows larger errors, especially in the blue-green part (bands 1 
and 2), from 50% to 230% (Fig. 3B). Station 3 shows extreme errors, up to two orders 
of magnitude in band 1 (Fig. 3C). 

Water Constituents Validation

The case of Lake Taihu presents large differences in the retrieval accuracy of dif-
ferent algorithms for the main water constituents. Figure 4 presents a comparison of 
the Chl-a estimates of the three processors with in situ Chl-a. Correlations (R2) were 
0.8417, 0.8175, and 0.436 for the the Lakes\Eutrophic, Lakes\Boreal, and FUB-WeW 
algorithms, respectively. Despite the reasonable correlations for the Lakes algorithms, 

Table 1. Definitions of the Optical Models Used to Train Neural Networks 
 Compared to the Range of Variation Observed in Lake Taihu

Component/ 
property

Boreal Lakes 
(Doerffer and 
Schiller, 2008)

Eutrophic Lakes  
(Doerffer and  
Schiller, 2008)

FUB  
(Schroeder 

et al., 2007b)

Lake Taihu  
(2007)

Gelbstoff absorp-
tion wavelength 
exponent

0.016 Fulvic acids: 0.022
Humic acids: 0.008

Bricaud et 
al., 1998

0.0118

Bleached particle 
absorption wave-
length exponent

0.010 Babin, 
2000

0.0114

Particle scatter-
ing wavelength 
exponent

0.705 0.705 Morel, 
1974; 

Zhang et 
al., 2002

2.45

White particle 
scattering wave-
length exponent

0.0 0.0 3.40

aph(λ) / m–1 According to the 
table that relates 

absorption to 
chlorophyll 

 concentration 
for each 

 wavelength 
separately

MERIS band (nm): 
1–13 

absorption (m–1): 
0.0255, 0.0318, 
0.0241, 0.0174, 

0.00914, 0.00914, 
0.0150, 0.0233, 
0.0233, 0.00300, 

0.000024, 0.00001, 
0.000001

MERIS band 
(nm): 1–8

absorption (m–1): 
0.5361, 0.4741, 
0.2580, 0.1822, 
0.0720, 0.0966, 
0.1316, 0.1631

ag(442) / m–1 0.25–10.0 0.1– 3.0 0.005–1 0.35–2.27
TSM /mg l–1 0.1–20.0 0.25– 30 0.05–50 3.12–137.32 
bTSM(442) /m–1 0.001– 0.01 0.25–30.0 Morel, 

1974
0.6149

Chl-a / mg m–3 0.5–50.0 1–120 0.05–50 1.21–55.24 
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Fig. 3. Scatter plot of the relative errors in reflectance processing for (A) C2R Lakes, (B) FUB 
(Station 1, 2, 4–7), and (C) FUB (Station 3).
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a large offset and low slope to the regression resulted in large errors of the Chl-a esti-
mates (–50 to 394% for Lakes\Eutrophic and an approximate fourfold overestimation 
by the Lakes\Boreal algorithm). The FUB processor underestimated Chl-a in all cases. 
Figure 5 shows that TSM was underestimated by 11%–88% with the Lakes\Eutrophic 
processor, by 47%–93% with the Lakes\Boreal processor, and up to 90% with the FUB 
processor. Figure 6 shows a notable underestimation of ag(442) with Lakes\Eutrophic 

Fig. 4. Scatter plot of retrieved Chl-a concentrations against in situ Chl-a, for (A) Lakes\
Eutrophic, (B) Lakes\Boreal, and (C) FUB. 
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but a slight underestimation with Lakes\Boreal, except for one outlier value (Station 
3), while the FUB algorithm markedly underestimates ag(442). 

Chl-a is determined by the processor from a relationship between aph and  Chl-a. 
By comparing aph derived from the algorithms to in situ measurements, we may 
determine whether the errors in Chl-a retrieval are due to an inappropriately chosen 

Fig. 5. Scatter plot of retrieved TSM concentrations against in situ TSM, for (A) Lakes\
Eutrophic; (B) Lakes\Boreal, and (C) FUB.
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relationship between Chl-a and aph or due to poor retrieval of aph. Figure 7 shows that 
aph was underestimated (53–91%) but well correlated to in situ measurements by C2R 
Lakes algorithms (R2 ≥ 0.9177). Although in situ aph data were only available for four 
stations, it appears that the error in Chl-a retrieval is in part due to a poor estimate of 
phytoplankton absorption. Similarly, the dry weight of TSM is determined from an 

Fig. 6. Scatter plot of retrieved ag(442) against in situ ag(442), for (A) Lakes\Eutrophic, (B) 
Lakes\Boreal, and (C) FUB.
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empirical relationship between bTSM and the concentration of TSM. The bTSM values 
were overestimated two- to tenfold by the Lakes algorithms (Fig. 8). 

DISCUSSION

Atmospheric Correction

A reliable atmospheric correction is one of the greatest challenges for reliable 
retrieval of optical parameters over Case-2 waters (Kratzer et al., 2008) and specifi-
cally for inland waters. For Case-1 waters, it assumes zero water-leaving radiance in 
the near infrared, but this approach is not suitable for optical Case-2 waters where 
there are no corresponding zero water-leaving radiance wavelengths. The atmospheric 
correction codes for C2R Lakes and FUB-WeW processors are integrated in the 

Fig. 7. Scatter plot of retrieved aph(442) against in situ aph(442), for (A) Lakes\Eutrophic and 
(B) Lakes\Boreal.

Fig. 8. Scatter plot of retrieved bTSM(442) against in situ bTSM(442), for (A) Lakes\Eutrophic and 
(B) Lakes\Boreal.
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software package BEAM, both based on a neural network approach (Schroeder et al., 
2007a, 2007b). Their coefficients are determined from a set of simulated atmospheric 
and water conditions for the input variables and corresponding output variables. These 
algorithms have been successfully used in some European lakes (Schroeder et al., 
2007b). However, these standard products do not provide optimal results for all areas, 
as demonstrated here for the case of Lake Taihu. Atmospheric effects were typically 
overcorrected (Fig. 2), with different spectral errors associated with the two processors 
(Fig. 3). It is likely that the training data for the neural networks are not suitable for 
the Taihu region, since they are based on atmospheric and oceanic optical properties 
of standard data or records on file in the United States and Europe. Particularly, the 
vertical profiles of temperature and pressure of U.S. Standard atmosphere (NOAA, 
NASA, and USAF, 1976) were used, whereas region-specific aerosols with different 
optical properties and with a rapidly changing distribution in time and space may be 
required (Doerffer and Schiller, 2008). The underlying ocean model was character-
ized by varying concentrations of water constituents (Schroeder et al., 2007b). It also 
exhibits a large difference from Lake Taihu (Ma et al., 2006b; Ma et al., 2009). Since 
ANNs are known to be good interpolators and bad in extrapolations (Wise et al., 1995; 
Garcia-Balboa et al., 2012), the forward model run to retrieve reflectance may easily 
result in errors when the water-leaving reflectance of the observed water body exceeds 
the normal operation of the ANN. Inaccuracies in reflectance retrieval are then easily 
propagated to secondary layers of the processor, resulting in erroneous retrieval of 
water constituent concentrations. This is probably the explanation for why the water 
products were all underestimated in Lake Taihu.

Local Bio-optical Parameters

To allow the next installment of MERIS processors (particularly for eutrophic 
waters) to be more applicable to a wide range of lakes, a description of the main dif-
ferences between the highly eutrophic, Lake Taihu and the Finnish and Spanish lakes 
is in order. Lake Taihu is one of China’s most eutrophic large lakes with a high Chl-a 
concentration and algal blooms throughout the year (Duan et al., 2009). The natural 
variations of water constituent concentrations in 2007 are summarized in Table 1. 
Chl-a is known to vary between 1 and 40 μg/l, TSM between 3 and 137 mg/l. The 
data used to train the neural network applied in the BEAM algorithms for Case-2 
waters were originally based on the optical quantities in a number of European lakes. 
Compared to them, Lake Taihu covers a wider range of TSM and particularly Chl-a. 
From Table 2, it is notable that not only water constituent concentrations but also IOPs 
show large differences. Even in October 2008 when phytoplankton blooms begin to 
decline, the concentrations of Chl-a ranged from 0.46 to 685.14 mg m–3, far beyond the 
limits of the algorithms used here (Table 1). This variability is nevertheless important 
to take into account. 

The spectral shape of the absorption coefficient of CDOM, ag(λ), decreases expo-
nentially with increasing wavelength, approximated by (Bricaud et al. 1981):

 ag (l) = ag (l0) exp [–Sg (l – l0)] (7) 

where 442 nm is a commonly used reference wavelength λ0, and Sg represents the cor-
responding spectral slope in the range 400–600 nm. 
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Table 1 shows that CDOM absorption at 442 nm in Taihu Lake is in the same range 
as observed in the Spanish lakes but less than the Finnish lakes included in the MERIS 
Lakes project (Schroeder et al., 2007b). In the inversion of reflectance into water qual-
ity products, an representative Sg must be chosen for bio-optical models that incorporate 
the single exponential model. The mean spectral slope of the yellow substance samples 
in our data set is 0.012 nm–1, lower than the slope 0.016 nm–1 in Finnish lakes and 0.022 
nm–1 of fulvic acids in Spanish Lakes, but higher than the 0.008 nm–1 of the humic acids 
in Spanish lakes. In general, published spectral slope values are contradictory in some 
waters such as Lake Taihu, which in different years or even in the same year (but dif-
ferent seasons) the Sg values have shown large variability (Table 3). Therefore, it may 
be a priori expected that single Sg values are not suitable for Lake Taihu and other lakes 
with variable sources of CDOM (phytoplankton, terrestrial runoff, rivers).

The absorption coefficient of phytoplankton pigments aph(λ) has been expressed 
as a function of the chlorophyll concentration CCHL by an exponential function that 
describes the influence of pigment packaging or self-shading (Bricaud et al., 1995):

 aph (λ) = ACCHL
B (8)

The phytoplankton pigment absorption aph(442) versus the Chl-a concentration 
in 2007 from Lake Taihu are shown in Figure 9, and are in poor agreement with the 

Table 2. Seasonal Differences in Optical Properties in Lake Taihu 

Component / 
property October 2004 June 2007 October 2008

Gelbstoff absorp-
tion wavelength 
exponent

0.0162 0.0118 0.0164

Bleached particle 
absorption wave-
length exponent

0.0126 0.0114 0.0126

Particle scatter-
ing wavelength 
exponent

2.11 2.45 2.74

White particle 
scattering wave-
length exponent

2.02 3.40 2.59

aph(λ)/m–1 MERIS band (nm): 
1-8 absorption 

(m–1): 1.1516, 0.8945, 
0.5639, 0.4182, 
0.1945, 0.1728, 
0.2282, 0.2744

MERIS band (nm): 
1-8 absorption 

(m–1): 0.5361, 0.4741, 
0.2580, 0.1822, 
0.0720, 0.0966, 
0.1316, 0.1631

MERIS band (nm): 
1-8 absorption 

(m–1): 1.1840, 1.3951, 
0.9368, 0.6936, 
0.2136, 0.3944, 
0.4843, 0.5662

ag(442)/m–1 0.35–2.01 0.35–2.27 0.40–1.88
TSM /mg l–1 3.10–169.47 3.12–137.32 0.80–246.00 
bTSM(442)/m–1 0.9395 0.6149 1.0389
Chl-a /mg m–3 1.18–52.44 1.21–55.24 0.46– 685.14 
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relationship from the Finnish and Spanish lakes (Doerffer and Schiller, 2008). The 
combined effects of pigment packaging and pigment composition are obviously dis-
similar among these waters.

The bleached particle absorption spectra ad(λ), like ag(λ), decreases exponentially 
with increasing wavelength. The exponent was determined in the same way as that 
of dissolved yellow substance. For Lake Taihu, Sd varied between 0.0126 nm–1 and 
0.0114 nm–1 over the years 2006–2008 in the 400–700 nm range (Table 2). These 
values are close to those of the Finnish lakes measured over the 400–650 nm domain. 

The spectral dependence for total suspended matter scattering in MERIS algo-
rithms was determined as (Doerffer and Schiller 2008):

(9) bTSM   bTSM 443  443


--------- 
  n=

where n is an exponent defining the wavelength dependence of particle scattering. In 
Lake Taihu, the spectral exponents varied between 2.11 and 2.74, much higher than 
the value 0.705 reported for Finnish and Spanish lakes. As a consequence, the MERIS 
Lake and FUB product for the TSM is more severely underestimated and the correla-
tions between MERIS products and in situ observations are poor (Fig. 5).

Due to a lack of specific inherent optical properties (SIOP) from eutrophic lakes 
such as Lake Taihu during the training of the neural networks, the candidate proces-
sors available in BEAM all failed. In order to support water quality measurements in 
this type of lake with optical remote sensing techniques, a new processor has to be 
developed, which is trained on sufficient IOP and water constituent data to cover a 
wider range of lake conditions. The alternative, less elegant option is to build more 
locally tuned processors, a philosophy that partly defeats the purpose of global remote 
sensing efforts.

It is important to mention that the Improved Contrast between Ocean and Land 
(ICOL) processor was not used in this study. Previous research has revealed that 
ICOL helps improve the retrieval of Rrs but not the determination of water constituents 

Table 3. Published Values of the Slope of CDOM Absorption

Year Range of Sg 
(nm–1)

Mean of Sg 
(nm–1)

λ0 
(nm)

Range 
(nm) Literature

2004  (October) 0.0090–0.0129
0.0115–0.0178
0.0103–0.0133
0.0088–0.0129

0.0117 
0.0147
0.0120
0.0116

440 400–650
400–440
440–540
540–650

Ma et al., 2006b

2004  (Summer)
2004  (Winter)

0.0140–0.0185
0.0143–0.0201

355 280–500 Zhang and Qin, 
2007 

2004  (Autumn) 0.0135–0.0174 0.0162 440 280–700 This study
2007 (June) 0.0065–0.0186 0.0118 442 400–600 This study
2008  (October) 0.0157–0.0181 0.0164 440 280–700 This study
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(Odermatt et al., 2010). It is obvious that improvements are needed on both atmo-
spheric correction and water quality parameter algorithm development.

CONCLUSIONS

This study has addressed the validation of MERIS Case-2 water products in Lake 
Taihu, China. Eight field sites were studied with ± 2 hours difference between in situ 
and MERIS observations. The MERIS-derived reflectance is underestimated across 
the entire spectrum when compared with in situ data. This indicates that a large part of 
the errors are already a result of poor atmospheric correction. Although atmospheric 
correction for MERIS is not sufficient, ANN is still a better choice for Lake Taihu 
than the iterative NIR atmospheric correction using SeaDAS, which does not produce 
reasonable results in highly turbid inland waters. Actually, the ANN algorithms obtain 
good results in European lakes (Doerfer and Schiller, 2007); however, the optical mod-
els underlying both the atmospheric and water optical properties included in the neural 
network are not representative of the Lake Taihu region. Therefore, further work on 
ANN with local tuning is significant and necessary and should receive more attention.
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