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Abstract

Waters along China coast are very turbid with high concentrations of suspended sediment nearly all
the time, especially at the Hangzhou Bay, the Changjiang (Yangtze) River Estuary and the shoal
along Jiangsu Province. In these turbid and optically complex waters, the standard MODIS ocean
color products tend to have invalid values. Because the water-leaving radiances in the near-infrared
(NIR) are significant resulting from the strong scattering of suspended particles, the standard
MODIS atmospheric correction algorithm often gets no results or produces significant errors. And
because of the complex water optical properties, the OC3 model used in the standard MODIS
data processing tends to get extremely high chlorophyll-a (Chl-a) concentrations. In this paper, we
present an atmospheric correction approach using MODIS short wave infrared (SWIR) bands based
on the fact that water-leaving radiances are negligible in the SWIR region because of the extreme
strong absorption of water even in turbid waters. A regional Chl-a concentration estimation model
is also constructed for MODIS from in situ data. These algorithms are applied to MODIS Aqua
data processing in the China coastal regions. In situ data collected in the Yellow Sea and the
East China Sea in spring and autumn, 2003 are used to validate the performance. Reasonably
good results have been obtained. It is noted that water-leaving reflectance in the NIR bands are
significant in waters along the China coast with high sediment loadings. The satellite derived and
in-situ reflectance spectra can match in the turbid waters along China coast, and there is relatively
good linear relationship between satellite derived and in-situ reflectance. The RMSE value of Rrs(\)
is 0.0031 sr~! for all the nine ocean color bands (412 to 869 nm). The satellite-derived Chl-a value
is in the reasonable range and the root mean square percentage difference is 46.1%.

Key words: ocean color, atmospheric correction, chlorophyll-a, MODIS, China coastal region,
validation

1 Introduction

There are some of the most highly turbid coastal
waters in the world along the China coastal region,
especially in Hangzhou Bay, the Yangtze River Estu-
ary and the shoal along Jiangsu province, with con-
sistently high concentrations of suspended sediment
and complex optical properties. The performance
of standard MODIS ocean color processing is poor
in this region.
to the atmospheric correction and water constituent
concentration estimation, e.g., chlorophyll a (Chl-a).

There remain some issues related

The sensor-derived water-leaving radiances at the blue
bands (e.g., 412 and 443 nm) are often biased low and

sometimes even go negative, which often results from
turbid waters with significant ocean radiance contri-
butions at the near-infrared (NIR) bands (Siegel et
al., 2000). The sensor-derived Chl-a concentration is
often highly overestimated as the result of both bi-
ased water-leaving reflectance spectrum and estima-
tion model not suitable for these complex waters.

In the standard MODIS atmospheric correction,
black ocean assumption at the two NIR bands (748
and 869 nm) is adopted for the open ocean (Gordon
and Wang, 1994; Gordon, 1997). However, due to the
strong scattering of suspended particles, the water-
leaving radiances in the NIR bands are significant for
turbid waters. Algorithm modifications to account for
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the NIR ocean contributions for productive waters
have been implemented (Ruddick et al., 2000; Siegel
et al, 2000; Stumpf et al., 2003; Lavender et al.,
2005), but their performances in turbid coastal re-
gions are still not good. Based on the fact that water
has much stronger absorption at the short wave in-
frared (SWIR) wavelengths than the NIR wavelengths,
the water-leaving radiances are generally negligible
at the SWIR bands even for very turbid ocean wa-
ters. The SWIR atmospheric correction approach has
been developed based on the standard MODIS algo-
rithm (Wang, 2007) and applied to the turbid China
east coastal region obtaining reasonably good results
(Wang et al., 2007).

In the standard MODIS ocean color processing,
the OC3 model is used for Chl-a concentration esti-
mation (O'Reilly et al., 1998). However, due to the
local features of ocean optical properties, this model
is not proper for the turbid China coastal waters (Sun
et al., 2009). Regional model should be constructed.

In this paper, an atmospheric correction algo-
rithm using SWIR bands and a regional Chl-a esti-
mation model are presented for MODIS. The ocean
color products derived from MODIS Aqua data us-
ing these algorithms are reported and validated with
in situ data collected in the Yellow Sea and the East
China Sea.

2 Retrieval algorithms

2.1 Atmospheric correction algorithm

For the ocean-atmosphere system, the top-of-
atmosphere (TOA) reflectance measured by the satel-
lite sensor in a spectral band centred at a wavelength
A, pt(N), can be written as a linear sum of various con-
tributions (angular dependencies are omitted):

Pe(A) = [pw(A) + pwc(A) + pg(N)]

Te(N)Tesa(A) + patm(N), (1)
patm()‘) = [pmiX()‘) - pr()‘)]
Tg(N) + pe (N T(N), (2)

where p,, is water-leaving reflectance, py. is whitecap
reflectance, pg is sun glint reflectance, T, is gaseous
absorption transmittance, Tg’ is gaseous absorption
transmittance excluding water vapour, T, is scatter-
ing transmittance of the Rayleigh and aerosol mixing
atmosphere, p,ty is intrinsic atmospheric reflectance
reaching the sensor, pnix is reflectance for the Rayleigh
and aerosol mixing atmosphere not accounting for ab-
sorptive gases, and p;, is reflectance for a pure Rayleigh
atmosphere not accounting for absorptive gases.
None water-leaving effects are calculated and re-

moved from p; to extract py. pp is calculated using
look-up tables with angles and surface pressure (Sun
et al., 2006). Ty together with 1", is calculated using
formulas based on simulations with angles and gases
amounts (Sun and Zhang, 2007). pwc is estimated
using an empirical model with wind speed (Koepke,
1984; Gordon, 1997). p, is estimated using the Cox &
Munk model with wind and angles (Cox and Munk,
1954). T,4a is calculated using look-up tables with
certain aerosol model, aerosol optical thickness 7, and
angles (Sun, 2005). To determine p,,i,, mainly the
aerosol contribution because p, can be calculated in
advance, T,«—v (7 = pmix/pr) lookup tables with
various aerosol models and angles are used (Sun and
Guo, 2006; Antoine and Morel, 1999). Ten candidate
aerosol models which are mainly based on four basic
component mixing are adopted. The aerosol scattering
phase function P,(0) and normalized aerosol optical
thickness AT, are separately shown in Figs 1 and 2.

The water-leaving reflectance at two SWIR bands
(centered at 1240 and 2130 nm) are assumed ze-
ros. Thus, 7(1240) and +(2130) are obtained from
pt. Ta(2130); for 10 aerosol models are calculated us-
ing 7,<—y lookup tables, and 7,()\); are extrapolated
with the normalized optical thickness A7, ());, and
~v(1240); are reversely calculated using 7,+«— lookup
tables. Then, two aerosol models (represented with i1
and 72) most similar to the actual one are selected ac-
cording to (1240);1 < (1240) < v(1240);2, and the
mixing ratio X for interpolation between two aerosols
is calculated as [y(1240) — (1240):1]/[v(1240)i2 —
~v(1240)i;]. And then, for the visible and NIR bands,
Y(A)i1 and v(A)j2 are calculated from 7,(\);; and
Ta(A)i2, and y(\) is estimated as (1 — X)y(M)i +
Xv(N)iz, and pmix(A) can then be calculated. Till now,
pw can be calculated from equation (1).
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Fig.1. Aerosol scattering phase function for
551 nm band.
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Fig.2. Normalized aerosol optical thickness.

2.2 Chlorophyll-a
model

concentration estimation

In situ chlorophyll-a concentrations were mea-
sured using HPLC method, and remote sensing re-
flectance spectra Rys(\) from 350 to 1050 nm were
derived from ASD measurements using above water
method during the 2003 spring and fall cruises in the
Yellow Sea and the East China Sea organized by the
National Satellite Application Service (Tang et al.,
2004). Using the 76 data collected in fall (the maxi-
mum, minimum and mean Chl-a values are 35.9, 0.2
and 2.2 mg/m3, respectively), an empirical model is
constructed as follows:

Log;o(Chl — a) = 0.118445 — 3.05761Log;(X.)
+3.098626LogT,(X.) (R?=10.73), (3)
X = [Rus(443) / Ry (551)][Rus(412) / Ry (488)] 708, (4)

where R, is the MODIS band equivalent water remote
sensing reflectance, which is calculated with the ASD
measured Rys(A) and MODIS Aqua spectral response
function.

The model has been tested with in situ R

data. The root mean square percentage difference

N
( 1/N 32 ((XMed _ xMea) /XZ.M"a)Q) is 45.3% for the
i=1

76 data used in model construction. When 83 data in
spring (the maximum, minimum and mean Chl-a val-
ues are 15.2, 0.4 and 2.6 mg/m?, respectively) are used
for model testing, the root mean square percentage
difference is 64.9%. Figure 3 provides the comparison
between in situ Chl-a concentrations and model es-
timated Chl-a values from in situ R,s. The results of
linear fits for the data in fall and spring are also shown
in the plot. The linear relationships between model es-
timated and in situ Chl-a are not very obvious with
low correlation coefficient R2.
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Fig.3. Model derived Chl-a values compared
with in situ Chl-a concentrations.

3 Ocean color products around China coast

3.1 MODIS ocean color products

MODIS Aqua data have been processed for the
China coastal region using the SWIR atmospheric cor-
rection and Chl-a algorithm described in section 2.
For the data processing, the MOD35 products have
been used for cloud masking. Ancillary data including
wind, ozone and water vapour are from climatology
dataset. The derived products include water-leaving
reflectance, chlorophyll-a concentration, and aerosol
optical thickness (AOT), etc.

The MODIS Aqua true color image around the
China coast on October 19, 2003 (Fig. 4a) shows the
very turbid waters along the China coast (brownish
yellow to green in color), particularly the Hangzhou
Bay, the Yangtze River Estuary, and the shoal along
Jiangsu Province with extremely high sediment con-
centrations. Examples of the derived ocean color prod-
ucts corresponding to the MODIS data shown in Fig.
4a are also provided (Fig. 4b-h), which are the images
of water-leaving reflectance py(\) at wavelengths 443,
488, 551, 667 and 869 nm, chlorophyll-a concentration
(Chl-a), and aerosol optical thickness at 869 nm band
Ta(869), respectively. Values of py, (\) from 443 to 667
nm bands (Fig. 4b-e) are scaled linearly from 0.0 to
0.15, while p,(869) (Fig. 4f ) is scaled linearly from
0.0 to 0.05. Value of Chl-a (Fig. 4g) is scaled loga-
rithmically from 0.09 to 30 (mg/m?). Value of 7,(869)
(Fig. 4h) is scaled from 0.0 to 0.6.
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Fig.4. MODIS Aqua products on October 19, 2003 around the China coast for (a) true color image, (b-f)
pw(A) at 443, 488, 551, 667 and 869 nm bands, respectively, (g) Chl-a, and (h) 7,(869).
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It can be seen that, along the China coastal re-
gion, the MODIS derived py(\) value increases from
blue to green. The extremely high value in 667nm
(Fig. 4e) with brownish red color is due to the sen-
sor saturation in this band. The NIR ocean contribu-
tions are significant, especially at the Hangzhou Bay,
and some region in the Yangtze River Estuary and
the shoal along Jiangsu Province. The MODIS-derived
Chl-a values are in the reasonable range. And the re-
sults in Fig. 4 show no obvious correlations between
the derived oceanic properties (pw(A) and Chl-a) and
atmospheric property, e.g., 7.(869).

3.2 MODIS products compared with in situ
data

The remote sensing reflectance spectra R.s(\) de-
rived from in situ measurements during 2003 spring
and fall cruises in the Yellow Sea and the East China
Sea are taken to be compared with those from MODIS-
derived py (M) after the conversion of Rys(A)=pyw(N) /7.
Figure 5 shows the scatter diagram between in situ
and MODIS derived R,s(A) values at the nine MODIS
bands. The MODIS data are the average of pixels
within +0.015° centred at the in situ data location.
In situ data acquired within +6 hours centred at the
MODIS measurement time are included with a total
of 20 match-ups. Although there are some noises, the
results in Fig. 5 show a relatively good linear relation-
ship between MODIS and in situ R,s(A). The slope of
the linear fit for all the nine bands is 1.093, the inter-
cept is 0.000702 and the correlation coefficient R?
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Fig.5. MODIS derived remote sensing re-

flectance values compared with in situ data
for the bands of 412, 443, 488, 531, 551, 667,
678, 748 and 869 nm.

is 0.923. The results of linear fits for 412, 443, 488,
531, 551, 667, 678, 748 and 869 nm bands are also
shown in the plot, indicating more noise at the 412,
443 and 748 nm band. The MODIS derived Rys())
tends to be overestimated at 412 and 443 nm bands
which may be subject to the radiative transfer pre-
cision and improper aerosol models. The root mean
square errors (RMSE) of R,s(A) are 0.0054, 0.0054,
0.0032, 0.0029, 0.0036, 0.00095, 0.00094, 0.0010 and
0.0004 sr—! for 412, 443, 488, 531, 551, 667, 678, 748
and 869 nm bands, respectively. The RMSE for all
dataset is 0.0031 sr—'.

Four sites among the 20 match-ups are selected
to give the Rs(\) spectral comparison examples in
Fig.6.The turbidity of these four sites is medium to
high with the total suspended matter (TSM) con-
centration of 14.2, 13.2, 10.4 and 117.9 mg/L. The
in situ hyper-spectral R.s(A), MODIS band equiv-
alent values from in situ measurement, MODIS-
derived R,s from NASA standard product (from
http://oceancolor.gsfc.nasa.gov), and MODIS-derived
R;s from the SWIR atmospheric correction algorithm
are shown. The location in latitude and longitude,
and time difference between MODIS and in situ mea-
surements are also indicated in each plot. It shows
in Fig. 6 that the SWIR atmospheric correction per-
forms reasonably well for these turbid waters. The in
situ data shows high remote sensing reflectance values
in NIR bands (748 and 869 nm), i.e., the NIR R,s())
values range from 0.003 to 0.016. The derived Rq
from NASA standard product tends to be underesti-
mated in waters with medium turbidity. At site HD41,
no valid retrievals are available from the NASA stan-
dard product because of the high TSM loading, while
reasonable values could be derived using the SWIR al-
gorithm (no values in 551,667, 678 and 748 nm bands
because of band saturation).

The HPLC measured in situ chlorophyll-a con-
centration collected during the 2003 spring and fall
cruise in the Yellow Sea and the East China Sea
are taken to be compared with the MODIS-derived
Chl-a. The root mean square percentage differences

N
( 1/N 3 ((XMod — Xyea)/Xycay) are 45.5% and
=1

47.1% for data in fall and spring, respectively. The
root mean square percentage difference for all dataset
is 46.1%. Fig. 7 provides the comparison between the
in situ and MODIS derived Chl-a values. The results
of linear fits for the data in fall and spring are also
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Fig.6. MODIS derived remote sensing reflectance spectra compared with those from in situ data acquired
on (a) September 25, 2003, (b) September 23, 2003, (c¢) April 5, 2003, and (d) April 6, 2003.
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shown in the plot. Similar with the result of model

estimation from in situ Rys shown in Fig. 3, there is

not a good linear relationship between MODIS derived
and in situ Chl-a. Sun et al. (2009) has found that
the Chl-a values from NASA standard product are sys-
tematically overestimated. The root mean square per-
centage difference is 145.46%. The major reason for
this poor performance is the OC3 model (coefficients)
unsuitability. In comparison, the performance of the

algorithms in this paper is much better.
4 Conclusions

We have presented the SWIR atmospheric cor-
rection and Chl-a concentration estimation model for
MODIS ocean color processing and used them to de-
rive the MODIS Aqua water-leaving reflectance spec-
tra and Chl-a along the China coastal region. In
these turbid and optically complex waters, the stan-
dard MODIS ocean color products tend to have in-

valid values. By image analysis and comparing our
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MODIS derived ocean color products with those from
in situ measurements collected in the Yellow Sea and
the East China Sea, reasonably good results have been
obtained. It is obvious that along the China coast
with high sediment loadings, water-leaving reflectance
in the NIR bands is significant. The satellite derived
and in-situ reflectance spectra can match in the tur-
bid waters along China coast, and there are relatively
good linear relationship between satellite derived and
in-situ reflectance in most of ocean color bands. The
RMSE values of Rys(\) are 0.0054, 0.0054, 0.0032,
0.0029, 0.0036, 0.00095, 0.00094, 0.0010 and 0.0004
sr—t for 412, 443, 488, 531, 551, 667, 678, 748 and
869 nm bands, respectively, and 0.0031 for all dataset.
The satellite-derived Chl-a values are in the reasonable
range and the root mean square percentage difference
is 46.1%.
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