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Abstract

In this paper, we use the multiple scattering near-infrared aerosol correction model of SeaDAS to execute the atmospheric correction
for Terra/Aqua MODIS remote sensing data, and also use three standard operational chlorophyll-a concentration inversion algorithms
built in SeaDAS, named OC2, OC3, and OC4, to carry out chlorophyll-a concentration inversion in the Yellow Sea and East China
Sea. We validate the inversion results using in-situ measured chlorophyll-a concentration data collected from the Yellow Sea and
East China Sea in 2003. The results show that the inversion results of OC3 and OC4 algorithm are significantly larger than in-situ
measured values, and the results of the OC2 algorithm are closer to the measured values. In view of the shortcomings of these
algorithms, we proposes a chlorophyll-a concentration inversion model based on ridge regression, and carry out chlorophyll-a
concentration inversion test using MODIS images covering the Yellow Sea and East China Sea 2003. The results indicate that, the
new inversion model can effectively overcome the deficiencies of OC2, OC3, and OC4 algorithms. The inversion model can
effectively overcome the covariance problem of OC2, OC3 and OC4 algorithms on the multivariate linear regression model, and the
model passed the F-test (F=25.893, p=0.000<0.05), the mean absolute percentage error (MAPE) between the inversion values and the
in-situ measured values was 21.8%, the root mean squared error (RMSE) was 0.325, and the coefficient of determination (R2) was
0.847. The accuracy and the fit degree of the new model were significantly better than those of the OC2, OC3 and OC4 algorithms.
Therefore, the chlorophyll-a concentration inversion model based on ridge regression can effectively invert the chlorophyll-a
concentration in the offshore.

0 Introduction

Marine remote sensing technology has now become a major
means of obtaining indicators of the nutrient status and
ecological health of the oceans (Pan Gang, et al. 2007).
Chlorophyll-a is one of the key indicators of water quality,
which can reflect the growth of phytoplankton in water and thus
characterize the eutrophication level of seawater (Lavigne H, et
al., 2021). Changes of chlorophyll-a concentration in the
Yellow Sea and East China Sea have a wide and far-reaching
impact on the marine ecosystem because it is an important sea
in China. Domestic and foreign scholars have conducted many
research works on ocean color remote sensing and made
significant progress (Huang Weigong et al. 2002). Ocean color
remote sensing data sources including MODIS, OLCI, VIIRS,
MERIS, and GOCI. Zhang et al. (2007) inverted chlorophyll-a
concentrationused from MODIS images covering the Fujian
Coastal Sea by using various empirical algorithms, such as
OC2, OC3, and found that the results of OC2 and OC3
inversion algorithms were larger than in-situ measured
chlorophyll-a concentration. Li et al. (2009) inverted
chlorophyll-a concentration in the Yellow Sea and East China
Sea from satellite images collected by SeaWiFS by using the
OC4 algorithm, and found that the OC4 inversion results were
obviously lager than in-situ measured values. Wang et al.
(2018) conducted similar experiment in the Yellow Sea and
East China Sea by using OC2, OC3G and YOC3 algorithms,
but the data source he used was GOCI, and the results showed
that the inversion results were generally lager than in-situ
measured chlorophyll-a concentration too.

Zhao et al. (2014) retrieved chlorophyll-a concentration from
MODIS images covering the South China Sea through OCI,
OC3 and other algorithms, they also found that the retrieved
values of chlorophyll-a concentration were higher than the
measured values.
Currently, there has been great success in retrieving Chlorophyll
-a from water reflectance with blue/green-ratio algorithms such
as OC2, OC3 and OC4 in oceanic “case I” waters. But studies
on retrieving chlorophyll-a concentration using integrated
algorithm in oceanic “case II” waters are relatively limited at
present. In order to fill this research gap, we proposes a
chlorophyll-a concentration inversion model based on ridge
regression, and the retrieved results were validated using in-situ
measured data, which was measured by the Institute of
Oceanography, Chinese Academy of Sciences (IOC) in
September 2003. All MODIS data was processed using SeaDAS
software. The new model integrated the inversion results of
OC2, OC3, and OC4 algorithms using multivariate linear
regression, so as establish the relationship between these
independent variables and the actual chlorophyll-a
concentration. We test this new model in the Yellow Sea and
East China Sea. The results of this study can provide valuable
references for water quality monitoring in oceanic “case II”
waters.

1 Data acquisition and pre-processing

1.1 Acquisition of in-situ measured data

Due to the complex impacts of oceanic circulation patterns and
land-based sources, the Inland river inlets in the Yellow Sea and
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East China Sea are more prone to nutrient aggregation and
hydrophobic events, so it is reasonable to select in-situ sampling
sites near Jiaozhou Bay and the mouth of the Yangtze River for
collecting chlorophyll-a concentration samples. The in-situ
measured chlorophyll-a concentration data used in this study
come from the sample data collected by the Oceanographic
Institute of the Chinese Academy of Sciences (OIC) in the
Yellow Sea and East China Sea in 2003, the distribution of
sampling points used in this study is shown in figure 1. The
sampling points are registered with the remote sensing images
used in this study to ensure the consistency of the coordinate in
the process of processing MODIS data in SeaDAS software.

In order to ensure the synchronization between the in-situ
measured data and the satellite data, we selected MODIS
imagery observed under clear sky condition in different four
days. i.e., remote sensing images collected on September 11, 24,
25 and 26 were selected. So, there are 16 sampling sites can be
used for quantitative remote sensing analysis in this study, and
the latitude and longitude of the sampling sites are shown in
Table 1.

Sampling
sites Longitude Latitude Sampling

sites Longitude Latitude

HD57 122°44'56 "E 31°00'05 "N HD50 124°30'24 "E 31°27'53 "N

HD56 123°00'03 "E 31°00'06 "N HD54 123°39'24 "E 31°00'57 "N

HD55 123°20'19 "E 30°59'34 "N HD53 123°59'52 "E 31°00'21 "N

HD91 122°20'10 "E 31°30'12 "N Hd82 121°30'12 "E 35°29'32 "E

HD92 122°39'45 "E 31°30'03 "N Hd83 121°14'51 "E 35°29'59 "E

HD93 122°59'42 "E 31°29'29 "N Hd84 120°59'49 "E 35°30'00 "E

HD94 123°19'57 "E 31°28'31 "N Hd85 120°54'49 "E 35°49'57 "E

HD52 124°30'04 "E 30°59'47 "N Hd86 120°29'53 "E 35°59'56 "E

Table 1 the latitude and longitude of sampling sites

Figure 1 Distribution of sampling sites

1.2 Remote Sensing Data Acquisition and Pre-processing

All MODIS data used in this study are obtained from the
official website of NASA Ocean Color
(https://oceancolor.gsfc.nasa.gov/), and the valid Terra/Aqua
satellite data were selected by set cloudiness threshold and time
online. The 8th to 16th bands of MODIS imagery can be used for
ocean color research, especially for analysis of suspended
sediment and chlorophyll-a concentration. These parameters
commonly used to reflect phytoplankton production and
eutrophication level in marine water bodies.

Detailed information of these bands is shown in Table 2.The
data processing in this paper begins with reading the
MODIS_PDS file at level 0, which is converted into
MODIS_L1A and MODIS_L1B data using OCSSW in SeaDAS
software, then atmospheric correction is performed using the
L2gen module, and the correction is done by using the near-
infrared aerosol correction mode with multiple scattering to
obtain MODIS_ L2B data (Li et al., 2018). The atmospheric
correction by L2gen module is crucial, which directly affects
the accuracy of retrieved chlorophyll-a concentration, and the
flow of MODIS data processing in SeaDAS is shown in figure 2.

Main
application Band Bandwidth

(µm)
Resolution

(m)

Spectral
radiance

(W/m2 *µm*sr)

SNR
(dB)

Ocean
Color/

Phytoplankt
on/

Biogeochem
istry

8 405 - 420 1000 44.9 880

9 438 - 448 1000 41.9 838

10 483 - 493 1000 32.1 802

11 526 - 536 1000 27.9 754

12 546 - 556 1000 21 750

13 662 - 672 1000 9.5 910

14 673 - 683 1000 8.7 1087

15 743 - 753 1000 10.2 586

16 862 - 877 1000 6.2 516

Table 2 Detection band characteristics of MODIS for marine
environment monitoring

Figure 2 Process flows of MODIS data in SeaDAS

2 Chlorophyll-a concentration inversion methods and
results

2.1 Inversion of Chlorophyll-a using OCX algorithms

In this paper, three NASA standard operational chlorophyll-a
concentration inversion algorithms, OC2, OC3, and OC4, are
used to retrieve chlorophyll-a in the Yellow Sea and East China
Sea. These three algorithms belong to blue-green band ratio
algorithm which was designed for open ocean waters.

All hese algorithms are in accordance with the empirical model
of OCX (X=2-6), and were obtained through a large number of
inversion experiments conducted by O'Reilly et al. (1998). The
characteristics of these algorithms are easy implementation and
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fast efficiency. However, It should be noted that the OC2
algorithm built in SeaDAS software for MODIS data is different
from the third-order OC2 algorithm proposed by Zheng et al.
(2017), the relationship between the ratio of the blue-green band
remotely sensed reflectance Rrs(λ) and the in-situ measured
chlorophyll-a concentration is fourth-order polynomial
relationship for OC2, OC3 and OC4 algorithms(Zhu et al., 2013;
Dong et al., 2021). The model expression is defined as:

log10 chl_a = a0 + i=1
4 ai� log10

Rrs λblue
Rrs λgreen

i
(1)

In Eq. (1), the coefficients a0, a1, a2, a3, a4 are sensor specific,
Rrs( λ blue) is the maximum value of remote sensing reflectance
among several MODIS blue bands of; Rrs (λ green) is the remote
sensing reflectance of MODIS green band. In the Miscellaneous
parameter setting of the L2gen processing module in SeaDAS
software, the blue, green bands and corresponding coefficients
are set as shown in Table 3.

Inversion
algorithm Band selection [a0,a1,a2,a3,a4]

OC2 [469, 555] [0.1464, -1.7953, 0.9718, -0.8319, -
0.8073]

OC3 [443, 448, 547] [0.26294, 2.64669, 1.28364, 1.08209, -
1.76828]

OC4 [412, 443, 448,
547]

[0.27015, 2.47936, 1.53752, -0.13967,
-0.66166]

Table 3 Band selection and coefficients setting for OC2, OC3
and OC4 algorithm

In order to obtain valid retrieval results, we designed time
matching principle between MODIS data and in-situ
observation data as follows: ① The Terra/Aqua MODIS remote
sensing data is synchronous with in-situ measured chlorophyll-a
data; if both Terra MODIS and Aqua MODIS images observed
on the same day cover the sampling sites, then it is considered
that there are two sets of retrieval values matching the in-situ
measured values. ② Considering the MODIS images covering
the Yellow Sea in September were generally cloudy; there were
fewer data match with the sampling sites, we assume that the
chlorophyll-a concentration in oceanic water does not change
between adjacent days, so the in-situ measured data observed on
September 25, 2003 can be matched with the remote sensing
data observed on September 24, 2003. Therefore, MODIS
imagery observed on September 11, 24, 25 and 26, 2003 are
selected to do the chlorophyll-a concentration retrieval
experiments in this paper. There are 18 usable images match
with 16 in-situ measurement sites. The retrieval results of OC2,
OC3 and OC4 algorithms and the corresponding actual values
are shown in Table 4.

In-situ measured
chlorophyll-a

(mg/m³)

OC2
(mg/m³)

OC3
(mg/m³)

OC4
(mg/m³)

1.0944 1.8709 2.5190 2.5161
0.9884 1.0178 1.6113 1.6522
3.9268 2.5409 4.1724 4.1039
...... ...... ...... ......

1.3838 1.2910 1.8406 1.8709
0.5176 0.4778 0.7346 0.6724
0.3785 0.3972 0.5193 0.5806
0.6123 0.8205 1.1127 1.1724
0.7737 0.8766 1.3534 1.4050

Table 4 Retrieval results of OC2, OC3 and OC4 comparing to
in-situ measured chlorophyll-a

In order to evaluate the retrieval accuracy of these algorithms,
three statistical measures is used in this paper, they are
coefficient of determination (R2), root-mean-square error
(RMSE) and mean absolute percentage error (MAPE). The
calculation formula is shown in Eqs. (2), (3) and (4) (Li, 2020).

R2 = 1 − i
​ yi−y�i 2�

i
​ yi−y� 2�

(2)

RMSE= 1
m i=1

m yi − y�i 2� (3)

MAPE = 100%
n i=1

n y�i−yi
yi

� (4)

Table 5 shows the results of the accuracy evaluation for the
three algorithms. it can be seen that the OC2 algorithm has the
smallest error, but the linear regression model fit is the lowest;
the OC4 algorithm has a larger error than OC2 algorithm, but
the correlation between the measured and retrieved values is
better; the R2 of OC3 algorithm is the best among these three
algorithms, bur its RMSE and MAPE are with an intermediate
level. Therefore, it is difficult to say which one is the best.

Inversion
algorithm

RMSE MAPE R2

OC2 algorithm 0.513 36.4% 0.628

OC3 algorithm 0.718 67.0% 0.792

OC4 algorithm 0.723 68.9% 0.786

Table 5 Evaluation of the retrieved results of OC2, OC3 and
OC4 algorithms

2.2 Retrieval chlorophyll-a concentration using ridge
regression model

In order to establish a more stable and effective retrieval
algorithm for extraction of chlorophyll-a concentration, we
propose a new algorithm based on ridge regression. This new
algorithm takes the chlorophyll-a concentration values retrieved
by OC2, OC3, and OC4 algorithms as the independent variables
and the in-situ measured chlorophyll-a concentration as the
dependent variable, through introduces the idea of ridge
regression, then applies the multivariate linear regression
analysis to explore the relationship between the retrieval values
and measured values.

Before establishing the multiple linear regression model, the
predictors of OC2, OC3, OC4 algorithms were diagnosed with
covariance, and the variance inflation factor (VIF) and tolerance
level (TOL) were chosen to determine the degree of covariance
among the independent variables. The diagnostic results are
shown in Table 6.

Independent variable VIF TOL

OC2 algorithm 251.7920 0.0650

OC3 Algorithm 241.7220 0.0040

OC4 Algorithm 15.4640 0.0040
Table 6 Diagnostic results of model predictor covariance
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When the VIF value is greater than 10 or the TOL value is less
than 0.1, it indicates that the independent variables have
covariance problems in the model (Lin et al., 2022). It is clear
that all these model predictors (OC2, OC3, and OC4) have
covariance, so using the traditional least squares method for
multiple linear regression will make the prediction results more
unstable. While ridge regression is a regularization algorithm, it
can improves the least squares method, because it controls the
magnitude of the regression coefficients of the independent
variables by losing some information and accuracy of the
independent variables, so as to reduce the effect of covariance
and obtain more reliable and realistic values of the regression
coefficients of the independent variables. The improved
regression coefficients matrix increases the ridge parameter k,
and the appropriate ridge parameter k could improve the
accuracy of the retrieval model. The formula of the regression
coefficient matrix can be expressed as (Li, 2021):

w = XTX + kI −1XTy (5)

In Eq. (5), w is the ridge regression coefficient, k is the ridge
parameter, X is the eigenvalue matrix (independent variable), y
is the target matrix (actual chlorophyll-a concentration), and I is
the unit matrix.

The ridge regression analysis was performed using SPSS
software, and the plotted ridge trace is shown in Figure 3. From
Figure 3, it can be seen that when the ridge parameter tends to
infinity, the regression coefficient gradually tends to 0 and fails
to capture the relationship between the predicted value and the
measured value of chlorophyll-a. When k=0, the model
degenerates into the traditional least squares method for
calculating the regression coefficient. Therefore, the value of k
should not be taken too large, and the value of k should be taken
as the smallest value that satisfies the experimental needs. In
Figure 3, when k value is between 0-0.2, the ridge regression
coefficient begins to stabilize, so the main calculation can be
carried out when the k value is larger than 0 and smaller than
0.2.

Figure 3 Ridge trace map

Research has shown that, when the maximum variance inflation
factor (VIF) value of the output terms of OC2, OC3 and OC4 is
less than 10, it was satisfy the experimental demand. So the
value of k was taken as 0.02 in this paper. The results of ridge
regression analysis when k=0.02 are shown in Table 7. The
model passed the F-test (F=25.893, p=0.000<0.05), and the
MAPE between predicted values of the new model and the
measured chlorophyll-a values is 21.8%, the RMSE is 0.325
mg/m3 and R2 is 0.847. Results of ridge regression analysis are
shown in Table 8.

K-value VIF Max. OC2
output item

OC3
output item

OC4
output item

0 251.792 15.464 241.722 251.792

0.01 10.232 10.232 9.678 9.654

0.02 7.317 7.317 4.063 3.919

0.03 5.501 5.501 2.5 2.366

...... ...... ...... ...... ......

0.2 0.594 0.594 0.254 0.239

Table 7 Ridge trace map intermediate process values (VIF
values)

In this paper, the expression for the new algorithm (ridge
regression algorithm) is:

F(chl_oc2,chl_oc3,chl_oc4) =− 0.048− 0.807 ∗ chl_oc2 +
0.679 ∗ chl_oc3 + 0.590 ∗ chl_oc4 (6)

Where, chl_oc2, chl_oc3 and chl_oc4 are the outputs of OC2,
OC3 and OC4 algorithm and F(chl_oc2, chl_oc3, chl_oc4) is
the retrieval values of ridge regression algorithm.

Numerically, the retrieval values of OC3 and OC4 algorithms
were significantly higher than the measured chlorophyll-a
concentration values (as shown in Figure 4), this can be
attributed to the fact that the retrieved chlorophyll-a
concentration was too high in the study area due to the influence
of the reflection from the surrounding clouds (Zhang et al., 2007;
Wang et al., 2018). The retrieval values of the OC3 and OC4
algorithms were closer to each other, and are significantly
higher than that of the OC2 algorithm. The retrieval values of
OC2 algorithm are slightly larger than the measured
chlorophyll-a concentration. But when the concentration of
chlorophyll-a is too high or too low, the retrieval error will
rapidly increase. The ridge regression retrieval values are closer
to actual values, indicating that this method has a rebound effect
on OC2, OC3 and OC4 algorithms when the chlorophyll-a
concentration is too high or too low. Ridge regression
algorithms, through regularization and reasonable intervention
of regression coefficients, not only makes the coefficient of
determination (R2) better than OC2, OC3, and OC4 algorithms,
but also significantly reduces errors. Its overall performance is
better than OC2, OC3, and OC4 algorithms.

Parameter value VIF value

a constant (math.) -0.048 ---

OC2 independent
variables -0.807 7.317

OC3 independent
variables 0.679 4.063

OC4 independent
variables 0.59 3.919

sample size 18

MAPE 21.8%

RMSE 0.325

R2 0.847

F-test F (3,14) = 25.893, p = 0.000

Table 8 Results of ridge regression analysis when k=0.02
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Figure 4 Comparison of the ridge regression algorithm with
OC2, OC3 and OC4 algorithms

Statistical analysis was performed in SeaDAS software, and the
frequency histograms of the values of the four algorithms are
shown in Figure 5, it is obviously that the ridge regression
model accounted for a smaller proportion of the higher
chlorophyll-a concentration values (2-4 mg/m³) relative to the
OC3 and OC4 algorithms, this can be attributed to the
neighbourhood cloud reflection effect. The overall retrieval
values of the ridge regression model are better than OC2, OC3,
and OC4 algorithms.

Figure 5 Frequency histogram of retrieval values of four
retrieval algorithms
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Figure 6 Retrieval results of chlorophyll-a concentration in the
East China Sea and the Yellow Sea of China on September 25,

2003

Four chlorophyll-a retrieval algorithms were tested in SeaDAS
software to extract the information about chlorophyll-a
concentration distribution in the East China Sea and the Yellow
Sea of China. The retrieval results of Aqua MODIS image
observed on September 25, 2003 are shown in Figure 6.
Compare the four maps in Figure 6, the chlorophyll-a
concentration distribution map retrieved by the ridge regression
algorithm is more coordinate with actual situation. The retrieval
results of OC3 and OC4 algorithms are close to each other, but
overestimated chlorophyll-a concentration in coastal waters.

3. Discussion and conclusion

In this paper, a ridge regression algorithm for chlorophyll-a
concentration inversion was proposed and tested using MODIS
images cover the East China Sea and the Yellow Sea of China.
The new algorithm use the outputs of the OC2, OC3 and OC4
algorithms embedded in SeaDAS, and the output of this new
algorithm is more accurate than these three algorithms, because
it can effectively readjust the overestimated chlorophyll-a
concentration of OC2, OC3, and OC4 algorithms. The
experimental results indicate that the MAPE, RMSE and R2 of
the retrieval results are 21.8%, 0.325mg/m3 and 0.847
respectively, and this new algorithm is suitable for the second
category of oceanic “caseⅡ” waters.

Ocean color remote sensing is a complex technology. Currently,
although there is specialized software for ocean color remote
sensing, such as SeaDAS, the variability of atmospheric and sea
surface conditions still poses challenges for modeling ocean
color remote sensing. The preliminary results of ridge
regression algorithm in ocean color remote sensing retrieval are
robust; indicate the new algorithm can optimize the traditional
algorithms. However, its accuracy still needs further
experimental verification.
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