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Satellite estimation of chlorophyll-a (Chl-a) concentration in the Changjiang
Estuary is challenging for ocean-colour retrieval algorithms. The Changjiang
Estuary is characterized by suspended-sediment-dominated waters in the mouth
and optically complex case 2 waters offshore of the mouth. Satellite ocean-colour
products show that high-sediment loads of estuarine waters can cause overestima-
tions or invalid flags of Chl-a concentration. A synthetic chlorophyll index (SCI) was
designed for extracting chlorophyll information and for minimizing the influence of
sediments on the remote-sensing reflectance spectrum. An SCI algorithm, a quad-
ratic polynomial function of the SCI versus Chl-a concentration, was applied to the
estimation of Chl-a concentration from Medium Resolution Imaging Spectrometer
(MERIS) images. The overestimation of Chl-a concentration was corrected. The
SCI algorithm has applications for MERIS estimation of Chl-a concentration in
turbid waters with a moderate to high suspended-sediment concentration.

1. Introduction

Remote sensing is an effective and convenient technique for synoptic monitoring of the
health of coastal and marine ecosystems. Chlorophyll-a (Chl-a) concentration and
primary production in oceanic waters (i.c. case 1 waters) can be estimated using satellite
data from ocean-colour sensors (e.g. the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS), the Moderate Resolution Imaging Spectroradiometer (MODIS) and the
Medium Resolution Imaging Spectrometer (MERIS)) (IOCCG 2006, Dasgupta et al.
2009). However, satellite estimation of Chl-a concentration is still difficult for coastal
waters, where there are optically complex constituents consisting primarily of
suspended-sediment matter, coloured dissolved organic matter (CDOM) and phyto-
plankton (i.e. case 2 waters) (IOCCG 2000). Although the current generation of satellite
ocean-colour sensors has a number of wavebands in the visible spectral range, for case 2
water constituents and concentrations, it is still difficult to develop retrieval algorithms
using remote-sensing signals because the water constituents vary independently.
Remote-sensing reflectance in the blue and green parts of the spectral range, as used
for developing SeaWiFS and MODIS algorithms of Chl-a estimates for case 1 waters
(O’Reilly et al. 1998), can affect estimates for case 2 waters because of CDOM and
tripton absorptions (IOCCG 2000, Cannizzaro and Carder 2006). Thus, when applied
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to case 2 waters, the algorithm of blue-to-green ratios of remote-sensing reflectance can
produce large biases in the Chl-a estimate. Recent efforts have modified existing, or
developed new, algorithms for case 2 waters. The bio-optical GSMO01 algorithm,
implemented in the SeaDAS software package, was modified for MODIS Chl-a estima-
tion of Canadian case 2 waters (Komick et al. 2009) and the Dutch Lakes (Salama et al.
2009). The blue-to-green reflectance ratio being shifted to the near-infrared (NIR) to
red reflectance ratio using SeaWiFS and MODIS data (Dall’Olmo and Gitelson 2005,
2006, Gitelson et al. 2007) and MERIS data (Gons et al. 2008) was proposed for Chl-a
estimates of turbid productive waters. The MERIS case 2 waters processor (C2P)
(Doerfter and Schiller 2008), a plug-in module of Beam VISAT 4.5 (http://www.brock-
mann-consult.de/beam), was designed for case 2 waters application based on a neural-
network inversion scheme for MERIS Chl-a estimation (Doerffer and Schiller 2007).
The Changjiang Estuary presents challenges for satellite Chl-a estimation because
of its high suspended-sediment concentrations (SSCs). Morel and Bélanger (2006)
designated it as case 2S water, i.e. sediment-laden turbid waters (rather than yellow-
substance-dominated water). Remote-sensing reflectance is enhanced in case 2S
waters because of increased scattering (rather than absorption), which affects the
whole spectral range (Morel and Bélanger 2006). The increased reflectance can mask
the spectral features of chlorophyll causing errors in the Chl-a estimate. Wozniak and
Stramski (2004) reported that using the algorithm of blue-to-green ratios of remote-
sensing reflectance can produce Chl-a overestimates from 50% to 2000%, when the
SSCis 1 mg1™" and the Chl-a is 0.05 mg m . Likewise, in the Changjiang Estuary, the
results shown in §3.5 indicate that the MERIS-derived Chl-a with the C2P would be
overestimated when the SSC is above 50 mg I"!, as compared with the in situ Chl-a.
The objective of this study is to improve the accuracy of MERIS Chl-a estimates of
sediment-laden water. Because of the invalid flag or overestimation of Chl-a for turbid
waters that results from application of SeaWiFS, MODIS or MERIS standard ocean-
colour algorithms, a new method is required for Chl-a estimates from satellite data in the
presence of moderate or high SSCs. This will improve understanding of satellite mon-
itoring of estuarine and coastal ecosystem variability and warnings of algal blooms.

2. Data collection and methods
2.1 Study area

The Changjiang River drainage area is about 1.8 x 10° km? which includes several
metropolises (e.g. Chongqing, Wuhan and Shanghai), and it has a mainly agricultural
economy. A large amount of material is carried by the river into the Changjiang
Estuary and the East China Sea. Shen (1991) reported the annual river flux and
sediment loads at 9.03 x 10'' m® and 4.14 x 10® tonnes, respectively and the annual
fluxes of dissolved inorganic nitrogen (DIN), phosphorus (PO4—P) and silicon
(SiO5-Si) were 7.84 x 10°, 1.51 x 10* and 2.22 x 10° tonnes, respectively. During a
single large flood in 1998, the total nitrogen (TN) and DIN fluxes reached 2.85 x 10°
and 1.75 x 10° tonnes, respectively (Shen 2004). With rapid developments in the
economy and the strong effects of anthropogenic activity in the drainage area,
nutrient loadings into the Changjiang Estuary have increased dramatically in the
last two decades because of increased sewage discharge, overuse of agriculture ferti-
lizers and industrial effluents (Gao and Song 2005). Consequently, algal blooms are
common in the Changjiang Estuary and the adjacent East China Sea (e.g. a range of
30° 30'-32° 00’ N latitude and 122°15'-123°15' E longitude). Serious eutrophication



14: 47 12 COctober 2010

[Universiteit Twente] At:

Downl oaded By:

PORSEC 2008 4637

caused by high nutrient loadings in the area has led to a change in the species
composition, food-chain structure and element cycling in the marine ecosystem
(Gao and Song 2005).

The Changjiang Estuary is characterized by highly turbid waters; it has complex
hydrodynamics and seasonal discharges of sediment. The SSC ranges from 20 mg 1!
(i.e. offshore of the mouth) to 2500 mg I or more (e.g. in the turbidity maximum
zone; Li et al. 1994). In the mouth of the estuary (i.e. 122° 15’ E longitude riverwards),
the mean SSC range is 100-300 mg I"! (He et al. 1999, Kong et al. 2006), and the water
is typically turbid sediment-dominated case 2 waters. Offshore of the mouth (i.e. from
the turbidity front to the riverine plume front seawards), the SSC sharply decreases to
less than 100 mg I"!, with a mean value of 20-50 mg I"!, and the water is typically
optically complex case 2 waters with various constituents including phytoplankton,
CDOM and mineral particles.

The turbidity front dividing line moves riverwards and seawards with the alterna-
tion of the spring—neap tidal cycle and flood—ebb tide. Optically, the waters have a
clear distinction, i.e. the sediment-dominated case 2 water in the ‘A’ zone and the
multicomponent case 2 water in the ‘B’ zone (see figure 1).

121°E 122° E 123° E

SSC (mg 1~

Figure 1. Sketch map of optically separated waters in the Changjiang Estuary. The turbidity
front dividing line (red line) optically separates the waters into the sediment-dominated waters
(‘A’ zone) and the multicomponent case 2 water (‘B’ zone). The SSC image is derived from
MERIS full-resolution data on 25 April 2008 using an algorithm described in Shen ef al.
(in press).
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2.2 Insitu datasets

In situ datasets were collected on cruises in the Changjiang Estuary and the adjacent
coastal sea during the early spring and summer seasons of 2008. The early spring
cruise from 22 April to 1 May comprised 57 stations from 29.5°-32.0° N latitude and
121.5°-124.0° E longitude (see figure 2(a)). The summer cruise from 3 to 6 August
comprised 31 stations from 30.9°-31.4° N latitude and 121.5°-123.1° E longitude (see
figure 2(b)). In situ Chl-a for the early spring dataset was generally lower (i.e. ~ <3
mg m~>) than that for the summer dataset, possibly because of the limited riverine
discharges in the dry season and low temperatures in the early spring. In situ, above-
water radiometric measurements were limited to when weather conditions (e.g. wind
speed and sunlight) were suitable, and were conducted concurrently with sampling of
the water surface at 20 stations during the spring cruise and at 23 stations during the
summer cruise. In situ SSC and Chl-a were determined in the laboratory by analyses of
simultaneously collected water samples.

2.3 Remote-sensing reflectance from radiometric measurements

Remote-sensing reflectance (R;;) was defined as Ry = 1;%(0+ (Carder et al. 1993,
Mobley 1999), where E4(07) is the downwelling irradiance just above the sea surface
and L,(A) is the directional water-leaving radiance. Both of these were obtained from
the above-surface radiometric measurements according to the NASA protocol of
optical measurements (NASA 2003), using the ASD Field spectroradiometer
(http://www.asdi.com). The approach for the measurements can be seen in further
detail in Lee et al. (1996) and Mobley (1999).

2.4 Laboratory analysis

At all stations, chlorophyll concentrations were determined using the fluorometric
method. In situ water samples were immediately filtered through 0.7um Whatman
GF/F glass-fibre filters. The filters with the material retained were stored in liquid
nitrogen and then transferred to the laboratory for Chl-a concentration analysis. A
Hitachi F-2500 fluorescence spectrophotometer was used for measuring and calculat-
ing Chl-a concentration in the laboratory according to the JGOFS standard protocol
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Figure2. Isoline maps of the spatial distribution of ship-derived chlorophyll-a concentrations
(Chl-g) in the Changjiang Estuary. The Chl-a data were collected during (a) spring (22 April-1
May 2008) and (b) summer (3—6 August 2008) cruises. The solid triangle symbols denote in situ
stations.
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for measurement of chlorophyll (JGOFS 1998) and the Ocean Optics Protocols for
Satellite Ocean Colour Sensor Validation (Trees et al. 2003).

The magnitude of the SSC was determined gravimetrically in the laboratory by
filtering the water sample on a 0.7 yum Whatman GF/F glass-fibre filter pre-weighted.
The filter was rinsed with Milli-Q water to remove salts, dried and then reweighed on a
high-precision balance.

2.5 MERIS data

MERIS data have deliverable level 1b and level 2 products for users after processing
via the ground service segments. MERIS level 1b products include radiances at top-
of -atmosphere (TOA). MERIS level 2 products include atmospherically corrected
normalized surface reflectance and ocean-colour products, including total_susp (total
suspended matter dry weight concentration) and algal_2 (Chl-a concentration over
case 2 waters). However, the MERIS level 2 images of algal_2 and normalized surface
reflectance at all wavebands for the highly turbid estuary (around 122.6° E longitude
riverwards) were flagged as ‘invalid’. As an extension of the regional case 2 waters
products, the C2P on MERIS level 1b TOA radiances can produce new non-flagged
water-leaving radiance reflectance and ocean-colour products for the estuary.
MERIS level 1b images covering the study area for 2008, with full and reduced
resolution (FR and RR), were collected. During the two ship campaigns, coincident
cloud-free images of MERIS overpasses on 25 April and 5 August were available.

2.6 Algorithm development

The MERIS NIR to red reflectance ratio can be correlated with Chl-a for turbid
productive waters (i.e. Chl-a > 4 mg m™) (Gons et al. 2008). However, for case 2S
waters, the ratio algorithm would introduce errors to the Chl-a estimation that are
probably caused by sediment scattering in the NIR part of the spectral range when the
SSC level is high. Fluorescence line height (FLH) is an index that is better associated
with Chl-a in coastal waters (Gower and Borstad 2004). However, the FLH is poorly
related to the Chl-a in our case (see figures 5(«) and 5(b)). Therefore, developing a new
algorithm of extracting Chl-a for this case is an urgent need. The new algorithm is
based on MERIS water-leaving radiance reflectance (i.e. remote-sensing reflectance)
products by the C2P.

A synthetic chlorophyll index (SCI) was developed for extracting chlorophyll
information and minimizing the sediment influence from the remote-sensing reflec-
tance spectrum. The SCI takes the variability of spectral reflectance features of
chlorophyll and sediment into account synthetically. We introduced two parameters,
H, and Ha, for the SCI. The H, was used a proxy for the chlorophyll pigments, and
it was calculated by the following formula:

As — 23
As — 22
If the wavelengths, 4,, 43 and 14, are given MERIS bands 620, 665 and 681 nm,
respectively, the formula can be simplified with the weighted sum to:
Hpy = (0.74R5(681) 4+ 0.26 R5(620)) — Ry5(665),
H< 0, if and only if R.(665)>0.74R(681) 4 0.26R.(620).

Hchl = Rrs(/l4) + (Rrs()&) - Rrs(/l4)) - Rrs(/l3)- (1)

(@)
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Figure 3. Sketch map of the synthetic chlorophyll index (SCI) designed by modelling of
remote-sensing reflectance (R,s) and chlorophyll-a concentration (Chl-a). Hy is a measure of
the distinct absorption dip of the reflectance spectrum at the MERIS band 665 nm below
(positive) and above (negative) the baseline connecting the R at MERIS bands 620 and 681 nm
(620 and 681 nm are reference wavebands). H, is the relative height of R, at 620 nm below
(negative) and above (positive) the baseline (two reference wavebands: 560 and 681 nm).

Equation (2) defines H., as a measure of the distinct absorption dip of the
reflectance spectrum at the MERIS band 665 nm below (positive) and above (nega-
tive) the baseline connecting R, at MERIS bands 620 nm and 681 nm (the two bands
620 and 681 nm are reference bands) (see figure 3). By avoiding maximum absorption
of the CDOM in the blue part of the spectral range and assuming that the CDOM
absorption at wavelengths larger than 555 nm is negligible, R, at 620, 665 and 681 nm
is affected by phytoplankton in the absence of sediment. R, at 665 nm is minimal due
to maximum absorption by chlorophyll pigments. In this case, R, at 665 nm is
generally below the baseline, leading to positive H, (+). A negative H.p, (—) can be
interpreted as a lack of chlorophyll pigments, or the presence of high SSCs.

Another parameter, H A, is introduced into the function of the SCI as a correction
factor for Hy in the presence of mid- or high-sediment loads. HA was using:

s — Ao ,
Hp = Rrs(;ﬁ) - Rrs(;t4) + m (Rrs(/hl) - Rrs(}~4)) . (3)

If the wavelengths, 4;, A, and 14, are given MERIS bands 560, 620 and 681 nm,
respectively, the formula can be simplified with a weighted sum to:

Ha = Ris(620) — 0.5(Ris(560) + Ris(681)),

4
Ha<0 if and only if Ry(620)<0.5R(560) + 0.5R:(681). @

H A is the relative height of R, at 620 nm below (negative) and above (positive) the
baseline (two reference wavebands: 560 and 681 nm) (see figure 3). By assuming that
absorptions of water constituents at 560, 620 and 681 nm are minimal, H A fluctuation
is attributed to the effects of scattering by the total particulates.

The study in Shen et al. (in press) indicated that the sensitivity of R to the SSC can be
displaced from a shorter to a longer wavelength with increasing SSC. R, at the MERIS
band 620 nm is more sensitive to the moderate SSC ranging from 20 to 80 mg1~! than at
other bands. In this range of SSC, the R, spectrum is modulated by equivalent spectral
features of both the sediment and chlorophyll, leading to a larger bias in the Chl-a
estimation that is caused by mixed R, spectral signatures. The R, spectrum is
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dominated by the spectral characteristics of the chlorophyll pigments in the case of low
SSClevels (e.g. < 20 mg1™") and by the characteristics of the sediment in the case of high
SSC levels (e.g. > 100 mg 1"). We inferred that Chl-a estimation from mixed or
sediment-dominant R, spectra would introduce larger errors because of interference
of the spectral signatures of sediment in the presence of moderate or high SSC, if the
effects of Hx on the Chl-a estimation were not considered.

Therefore, the SCI, a synthetic index that links the H, and Ha parameters, was
defined simply as:

SCI = Hey — Ha. ®)

The SCI is a function of the difference of both variables. The SCI should be a
significant function of Chl-a, if the functions of H, versus Chl-a and H versus
Chl-a exist.

It seems likely that H .y, could have a strong relationship with Chl-a. Thus, the SCI
was interpreted as a corrected H.p to suppress the influence of the sediment. For
instance, assuming Chl-a is fixed, H.p,;, being the relative height (distance from R at
665 nm to the baseline connecting R at 620 and 681 nm), will increase if R, at 620 nm
increases with increasing SSC. Thus, if only the function of H . versus Chl-a is used to
estimate Chl-a, the increase in Hg, would lead to Chl-a overestimation of turbid
water. Corresponding to the increase in H,, Ha will also increase because of an
increase in R, at 620 nm. Thus, the subtraction of Ha from H, balances out the
effect due to the increased SSC, thereby ensuring that the output from SCI is
unaffected by the increased R, at 620 nm due to scattering by suspended particles.

For the presence of blue-green algae in waters, R, at 620 nm will decrease because
of the effect of absorption by phycocyanin; the Hy (+) value will reduce and the
absolute value of Ha (—) will increase. Therefore, negative Hx (—) becomes a com-
pensating factor for the decrease in Hgy, (+) in the calculation of SCI, and the SCI
value also does not change in this case.

3. Results
3.1 Insitu SSC and Chl-a

Statistical parameters for the in situ data are listed in table 1. The in situ Chl-a showed
seasonal and spatial variation. Figure 2(a) showed that the in situ Chl-a values ranged
from 0.03 to 3.10 mg m™> for the 34 stations from the early spring cruise. Out of these
stations, 58.8% had Chl-a < 1 mg m~>, and 41.2% had Chl-a ranging from 1 to 3.1 mg
m . In contrast, the Chl-a values ranged from 0.88 to 31.5 mg m ™ (mean value of 6.76
mg m~) for the 29 stations from the summer cruise (figure 2(5)). Out of these stations,
75.9% had Chl-a ranging from 0.88 to 10 mg m—, and 24.1% had Chl-a above 10 mg
m™>. Spatially, in situ Chl-a was higher in the ‘B’ zone than in the ‘A’ zone. During
summer, the observed Chl-a was an order of magnitude or more higher in the ‘B’ zone
than in the ‘A’ zone (table 1). The results implied that temperature and turbidity
played a role in the spatial distribution of Chl-a. Low temperature and high turbidity
(e.g. SSC > 100 mg I"") in the mouth could limit algal growth; low Chl-a values (i.e.
below 1 mg m™) were observed during the early spring campaign. In contrast, high
temperatures during the summer and relatively lower turbidity offshore of the mouth,
could promote algal blooms; high Chl-a (i.e. above 10 mg m™) was observed during
the summer campaign.
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Table 1. In situ datasets obtained from two cruises in the Changjiang Estuary during the early

spring and the summer seasons of 2008. The ‘A’ zone is characterized by turbid sediment waters

and the ‘B’ zone by optically complex case 2 waters. Statistical parameters such as the mini-
mum, maximum, median, mean and standard deviation (SD) of the in situ data are listed.

Survey date  Location Data Minimum Maximum Median Mean  SD
April 2008 ‘A’ zone  Chl-a (mg m™) 0.06 2.50 0.27 0.57 0.86
SSC (mg 17 24.30 264.50 211.20 149.69 109.37
‘B’ zone  Chl-a (mgm™) 0.03 3.10 0.84 1.02 0.81
SSC (mg 17 6.20 26.20 15.60  15.78 4.51
August 2008 ‘A’zone Chl-¢ (mg m™) 0.88 6.31 1.66 2.09 1.38
SSC (mg 17 62.20 543.80 128.80 211.88 172.76
‘B’ zone  Chl-a (mg m™) 4.69 31.50 17.75  16.31 9.08
SSC (mg 17 48.40 112.90 63.30  78.76  28.98

3.2 Patterns of remote-sensing reflectance spectra

The patterns of remote-sensing reflectance spectra measured from all stations during
the two cruises showed large variability because of the diverse water constituents and
variable concentrations. Figure 4 showed that the reflectance in the blue part of the
spectral range basically tended to be low due to absorptions by CDOM and tripton. The
fluctuations of the spectra were significant in the green and red parts in the presence of
chlorophyll pigments. The reflectance peaks can shift from 490 or 510 nm for low Chl-«
waters (see the spectra curves crossed by the dotted ellipse in figure 4(a)) to ~570 nm for
moderate and high Chl-a waters (see the spectra curves crossed by the dashed ellipse in
figures 4(a) and 4(b), and by the dashed-dotted ellipse in figure 4(b)). The R spectra
have a large trough at 670 nm (i.e. the peak of Chl-a absorption); the depth of the
trough (i.e. the depth of Chl-a absorption) is significant for the manifestation of Chl-a
(see the spectra curves crossed by the dashed-dotted ellipse in figure 4(b)).

The patterns showed sensitivity to SSC variation. Scattering caused by the sediment
significantly influenced the amplitude of the reflectance spectrum in the whole visible
and NIR spectral ranges (see the spectra curves crossed by the solid-line ellipse in

0.05 0.06
(a)
0.04 0.05}
~ 0,04}
0.03 i
5 0.03}

~

€ 0.02}
0.01

600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

0 L
400 500

Figure 4. Examples of in situ remote-sensing reflectance spectra patterns from (a) the spring
and (b) the summer datasets. The spectral curves crossed by the solid-line ellipses in (@) and (b)
represent waters with high SSC (i.e. > 100 mg I™°); the curves crossed by the dashed ellipse in
both of () and (b) represent water with Chl-a below 5 mg m™; the curves crossed by the dotted
ellipse in (@) represent waters with low chlorophyll and sediment; the curves crossed by the
dashed-dotted ellipse in (b) represent algal blooming waters with Chl-a above 10 mg m™.
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figures 4(a) and 4(b)). The increased R, due to scattering by the sediment thus masked
the fluctuations in the green and red parts. Therefore, it was difficult to identify
chlorophyll in the sediment-laden waters. Overestimation in predicted chlorophyll
concentrations can happen for samples with high SSCs (Gitelson ez al. 2008).

3.3 SCI algorithm

Figures 5(a) and 5(b) show that the triangle points (H.y versus in situ Chl-a) are
linearly distributed. H, has a stronger linear regressive relationship with the in situ
Chl-a at R* = 0.86 (correlation coefficient square) and n = 23 (the number of data
samples), compared with that of FLH (employed wavebands: 665, 681 and 709 nm).
Therefore, the function H.p,; can be expressed as:

Hey = 01 Cept + By, (6)

where Cg, stands for Chl-a and «; and f; are fitting constants. The square points
(FLH versus Chl-a) are dispersedly distributed. There is no applicable functional
relationship for both in this case.

The relationship between Hx and Chl-a was not predicted. Hx could possibly be
affected by both sediment and phytoplankton pigments. A negative logarithmic
function fits the relationship between Hx and Chl-a, and can be expressed as:

Hp = —oyIn Cepy + 5, (7

where the parameters o, and f3, are fitting constants. Figures 5(¢) and 5(d) show the
logarithmic regressions of Ha and Chl-a, where the regressive Chl-a from equation
(6), instead of in situ Chl-a, is employed to reduce uncertainty.

The negative logarithmic function seems reasonable. Because of the presence of lots
of sediment particles in highly turbid waters, it is hard for incident sunlight to
penetrate the water body, and phytoplankton grows slowly because of the lack of
light energy; this causes a decrease in phytoplankton biomass relative to that in low-
turbid waters.

Because Hg, and Ha are both a function of Chl-a, we conclude that the SCI, a
compounding index of both H., and Ha, could also be a function of Chl-a. A
quadratic polynomial function best fits the relationship between the SCI and Chl-g;
this is:

SCI = a9 + o171 Copt + 0022 C02h17 ®

where the parameters oy, o, and oy, are fitting constants. Figures 5(e) and 5(f) show a
quadratic polynomial regression between SCI and in situ Chl-a, respectively from the
two datasets. It is evident in figures 5(e) or 5(f) that the SCI is better related to the Chl-
a, with an improved correlation. As used for retrieval, the H, linear model, Ha
logarithmic model and SCI quadratic polynomial model are illustrated in figures 5(g)
and 5(h) for the two corresponding datasets. Mathematical expressions of the SCI
functions corresponding to the spring and summer datasets are listed in table 2.

3.4 Algorithm performance

The SCI algorithm for Chl-a estimation was performed for the MERIS images of
water-leaving radiance reflectance, which was produced by the C2P. The resultant
Chl-a derived from the MERIS FR image on 25 April 2008 and from the MERIS RR
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Figure 5. Modelling of Hy, verus Chl-a, Ha versus Chl-a and SCI versus Chl-a. The linear
regression of H.p versus Chl-a is shown in (@) the spring and (b) the summer, where the triangle
points denote H,p versus Chl and the square points denote FLH versus Chl-a. The negative
logarithmic regression of H versus Chl-a is shown in (c) the spring and () the summer, where
the regressive Chl-a (yield based on the linear model of Hy, versus Chl-a shown in («) and (b))
was employed. The quadratic polynomial regression of SCI versus Chl-a is shown in (e) the
spring and (f) the summer. The Hy, linear retrieval model, H logarithmic retrieval model and
SCI quadratic polynomial retrieval model are illustrated in (g) the spring dataset and (/%) the
summer dataset.

image on 5 August 2008 are shown in figure 6. The images correct for the over-
estimation of Chl-a in the mouth of the estuary, especially in the maximum turbidity
zone, caused by the effect of sediment in the waters. The distribution of the derived
Chl-a in the MERIS images formed a linguiform-like belt from north to south,
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Table 2. Retrieval algorithms based on the SCI for estimation of chlorophyll-a concentrations
for both the summer and spring datasets.

Retrieval algorithms

Datasets (»: Chl-a in mg m™ ; x: SCI in sr™)
From the spring y = 179378x + 92.934x + 0.2736
From the summer ¥ = 550383x7 + 2769x + 4.3866
N . 124° € &I
- N ‘ ‘_;
2008.04.25 ’ iy
N ‘:‘ [ oN o - - N :}
Chl-a (mg m™3)

Figure 6. Chlorophyll-a concentration retrieved by the SCI algorithm from the MERIS FR
image on 25 April and the RR image on 8 August 2008.

offshore of the mouth, which was similar to, though more detailed than that from, the
in situ survey illustrated in figure 2 and similar to the results from in situ observations
by Zhu (2004). The belt zone is situated seaward of the turbidity front, where SSC was
lower (i.e. < 100 mg I"") because of the deposition of a large amount of suspended
sediment inside of the front riverwards. In addition, Chl-a would sometimes be high in
the belt zone because nutrients carried by the river plume reaching the zone would
cause phytoplankton to flourish, given sufficient light. Seaward of the zone, nutrient
concentrations decline, and the water is more saline, leading to a decrease in phyto-
plankton biomass.

3.5 Comparison between in situ and MERIS-derived Chl-a

Figure 7 illustrates comparisons between in situ Chl-a and MERIS-SCI Chl-« (i.e.
MERIS derived Chl-a by the SCI algorithm) and between in situ Chl-a and MERIS-
C2P Chl-a (i.e. MERIS derived Chl-a by the C2P), for the spring and summer datasets
respectively.

For the spring dataset, MERIS-SCI Chl-a versus in situ Chl-a (sampled on 24-30
April 2008 between 8:30 and 17:30 local time; the MERIS pass was at 10:07 on 25
April 2008) is shown in figure 7(«a); for the summer dataset, MERIS-SCI Chl-a versus
in situ data (sampled on 5 August 2008 between 8:30 and 17:30 local time; the MERIS
pass was at 10:01 on the same day) is shown in figure 7(b). The root mean square
errors (RMSE:s) for the in situ Chl-a versus the MERIS-SCI Chl-a and MERIS-C2P
Chl-a were calculated (see table 3). The Chl-a values improved when the SCI
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Figure 7. Insitu Chl-a versus derived Chl-a. Filled squares denote in situ Chl-a versus MERIS-
SCI Chl-a (MERIS derived Chl-a by the SCI algorithm). Open squares denote in situ Chl-a
versus MERIS-C2P Chl-a (MERIS derived Chl-a by the C2P). The in situ dataset in (a) was
sampled on 24-30 April 2008 between 8:30 and 17:30 local time (MERIS pass was at 10:07 on 25
April 2008) during the spring cruise. The in situ dataset in (b) was sampled on 5 August 2008
between 8:30 and 17:30 of local time (MERIS pass was at 10:01 on the same day) during the
summer cruise.

Table 3. Root mean square errors (RMSEs) between in situ and MERIS-derived Chl-a. The
derived Chl-a values were produced by the C2P and the SCI algorithm. The in situ datasets were
from the spring and summer cruises.

RMSE in Chl-a (mg m™) RMSE in Chl-¢ (mg m™)
Datasets with the C2P with the SCI algorithm
From the spring 7.82 0.86
From the summer 6.44 2.87

algorithm was used. The differences between the in situ Chl-a versus the MERIS-SCI
Chl-a can be attributed to the high variability in the sediment loads and phytoplank-
ton dynamics in the Changjiang Estuary; this causes bias between in situ and satellite
samplings. The MERIS-C2P Chl-a was mostly overestimated, especially in the case of
low Chl-a combined with high SSC, which may be an exceptional application of the
C2P algorithm.

4. Discussion
4.1 Chl-a variability

The Changjiang Estuary is a very productive and resource-rich aquatic ecosystem
(Ning et al. 2004). However, because of the limitation of sunlight penetrating the
highly turbid sediment-laden waters, the Chl-a values are generally lower than 5 mg
m~ in the mouth. The Chl-a concentration will increase rapidly when the SSC
decreases offshore of the mouth. In addition, low temperatures during the early spring
in this area are also a limiting factor for Chl-a increase. Seasonal considerations are
important when analysing the relationships between nutrient inputs from the
Changjiang River and the response of the coastal phytoplankton communities
(Zhou et al. 2008). The in situ Chl-a values from the spring cruise were an order of
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magnitude lower than those from the summer cruise. The high in situ Chl-a levels were
spatially distributed in the region between the turbidity front and the riverine plume
front; these high levels correspond with the moving fronts. In the dry season (e.g. from
January to April), the fronts move riverwards from the decrease in river discharges; in
the wet season (e.g. from June to October), the fronts move seawards from increased
discharges (Chen et al. 1988).

4.2 SCI algorithm

The proposed SCI is a compound index of two indicators, H., and Ha. Hopy has a
stronger linear regression with Chl-a than H does. It can be negative if R; at 665 nm
is above the baseline. This indicates that Chl-a may be low, such that the R, spectrum
is not characterized by chlorophyll pigments; alternatively, the SSC may be so high
that the R, spectrum is affected more strongly by the presence of sediment. High
scattering from sediment could impair or mask the absorption dip in the R spectrum.

In addition to the increase in the SSC in turbid sediment-laden waters, the R,
amplitude can be enhanced in the whole spectral range. The increase in R is better
detected within the spectral range where absorption is at its minimum (Morel and
Bélanger 2006). Morel and Bélanger (2006) proposed that the green part of the
spectrum (around 560 nm), a priori, is the best candidate for detection of the enhance-
ment; however, in this case, R, at MERIS band 620 nm is more sensitive to the
variation in moderate SSC values ranging from 20 to 80 mg I (Shen ef al. in press).
Thus, it is a promising candidate for detecting SSC variations. Ha has a negative
logarithmic relationship with Chl-g, and it can be negative if R, at 620 nm is below the
baseline, i.e. the opposite to Hy,. This indicates that the Chl-a level is high, and the
effect of sediment on R, is smaller. Once the SSC increases, the R, at 620 nm would
surpass the baseline and H would be positive.

Four MERIS bands were included in the calculations of H.,; and Ha. Hgy
(employed wavebands: 665, 620 and 681 nm) and Ha (employed wavebands: 620,
560 and 681 nm) versus Chl-a have the best fitting regressive functions compared with
other MERIS bands. The fit may be improved by more elaborate satellite channels for
use in this algorithm.

FLH as an index of Chl-a can be applied to satellite estimation of Chl-a (Gower
et al. 1999, Gower and Borstad 2004). Because it seems that FLH (employed wave-
bands: 665, 681 and 709 nm) has a poor-fit relationship with Chl-a in this case (i.e. no
function of FLH versus the Chl-a has been found for this case), the SCI could instead
be a potential proxy of Chl-a for turbid sediment-laden waters.

The SCI was designed to be able to extract the Chl-a spectral features and not the
sediment influences, so that it would be sensitive to Chl-a variation. A quadratic
polynomial function best fitting the relationship of the SCI versus Chl-a was per-
formed on the MERIS image, with the water-leaving radiance reflectance generated
by the C2P. Because of the large difference in the Chl-a ranges that resulted from the
seasonal shifts, regressions of the SCI versus Chl-a were applied to the two corre-
sponding MERIS images from the 25 April and 5 August 2008. As a result, the
overestimation of Chl-a for the turbid sediment-laden waters was corrected. The
MERIS-SCI Chl-a distribution had a stronger fit with the in situ observations, as
seen by comparing figures 6 and 2. In conclusion, the SCI algorithm can improve the
Chl-a estimate for moderate or high SSC in turbid waters.
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Although the SCI algorithm for use in the MERIS estimation of Chl-a is promising
for turbid sediment-laden waters, it has its limitations; the algorithm is primarily
dependent on in situ data. For the evaluation and validation of the algorithm, a large
number of match-ups between concurrent in situ and satellite data would be useful.
However, it is difficult to obtain large numbers of such match-ups for the Changjiang
Estuary and coast because of the frequent cloud coverage over the area. Moreover,
the high variability in the SSC and Chl-a distributions in the estuary and on the coast
prevent the results of the in situ samplings from agreeing with those from instanta-
neous satellite samplings. In addition, the accuracy of MERIS-SCI Chl-a is strongly
influenced by atmospheric correction. However, atmospheric correction for highly
turbid waters is problematic (Doxaran et al. 2009). This should be addressed in future
work.

5. Conclusion

In this paper, we have developed a new indictor for Chl-a estimation of turbid
sediment-laden waters. The aim was to enhance the derivation of Chl-a in the presence
of moderate or high concentrations of suspended sediment. A new indicator, the SCI,
improved the Chl-a estimation of turbid waters, compared with the well-established
FLH. The SCI was then related to the actual concentration of Chl-a via regression
analysis. The results showed that the relationship between the SCI and the Chl-a was
quadratic, i.e. not linear. The method was able to derive reliable values of Chl-a for
waters in the estuary, with SSC above 100 mg 1I”'. The proposed method derived
spatially realistic patterns of Chl-a distribution from MERIS images, which were a
close fit with in situ observations.
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