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A B S T R A C T

Continually supplied with nutrients, phytoplankton maintains high productivity under ideal illumination and
temperature conditions. Data in the south part of Cheju Island in the East China Sea (ECS), which has experi-
enced a spring bloom since the 2000s, were acquired during a research cruise in the spring of 2007. Compared
with in-situ measurements, MODIS chlorophyll-a measurements showed high stability in this area. Excluding
some invalid stations data, the relationships between nutrients and chlorophyll-a concentrations in the study
area were examined and compared with the results in 2015. A high positive correlation between silicate and
chlorophyll-a concentration was identified, and a regression relationship was proposed. MODIS chlorophyll-a
measurements and sea surface temperature were utilized to determine surface silicate distribution. The silicate
concentration retrieved from MODIS exhibited good agreement with in-situ measurements with R2 of 0.803, root
mean square error (RMSE) of 0.326 μmol/L (8.23%), and mean absolute error (MAE) of 0.925 μmol/L (23.38%).
The study provides a new solution to identify nutrient distributions using satellite data such as MODIS for water
bodies, but the method still needs to be refined to determine the relationship of chlorophyll-a and nutrients
during other seasons to monitor water quality in this and other areas.

1. Introduction

With the development of remote sensing technology, ocean color
remotely sensed data have proven to be a useful tool for monitoring the
marine ecosystem. Global algorithms of chlorophyll-a (O’Reilly et al.,
2000) have been empirically derived from a large in-situ database
collected in waters around the world, and several studies analyzed the
spatial and temporal distribution of chlorophyll-a using MODIS (Ji
et al., 2017; Gong and Wong, 2017).

In surface water mass, researchers have widely acknowledged that
the growth of phytoplankton relates to the concentration of nutrients.
Numerous attempts have been made to estimate nutrient concentra-
tions in water bodies, especially in oceans, using satellite data.
Generally, new production constitutes the fraction of primary produc-
tion supported by nitrogen imported from outside of the euphotic zone
(Dugdale and Goering, 1967) and is essentially related to nitrate con-
sumption. Based on coupled dynamic biological models assimilating sea
surface height (Oschlies and Garçon, 1998) or wind data (Stoens et al.,

1999), researchers have determined nitrate concentration (Simpson and
Sharples, 2012; Yamaguchi et al., 2012). Then Traganza et al. (1983)
proposed temperature-nitrate relationships. In recent years, the surface
nitrate concentration determination method was improved using sea
surface temperature (SST) and surface chlorophyll-a concentration
(Silió-Calzada et al., 2008; Gong and Wong, 2017). However, surface
silicate concentration retrieved from satellite data has hardly been re-
ported.

Spring blooms occurring in the East China Sea (ECS) have been
reported in a large body of extant literature in recent years (Liu et al.,
2003; Furuya et al., 2003; Endo et al., 2013; Chen et al., 2013; Fu et al.,
2015; Ji et al., 2017). High concentrations of chlorophyll-a (2.9ug/L)
appeared in the ECS (32°N, 126°E) between 1 and 10 March 1997 (Son
et al., 2006), and 1ug/L chlorophyll-a concentration regions were ob-
served in the western part of the Japan Sea, the ECS and the Yellow Sea
in April 2003 (EORC, 2004).

When water temperature is lower than 20 °C, diatoms, such as
Chaetoceros lorenzianus and Bidduphia sinensis Greville, dominate in the
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spring in the ECS because they are capable of more rapid growth (Luo
et al., 2007). Diatoms are unicellular or chain-forming phytoplankton
that used silicon (Si) in cell wall construction. When a water body is
richer in nitrates than silicates, with nitrates still available for new
production, the diatom bloom is prolonged, where there is a periodic
supply of new silicate (Allen et al., 2005).

Owing to discharge from the Changjiang River (Yangtze River), the
intrusion of Yellow Sea waters, Taiwan Strait waters and Kuroshio
waters, as well as alternating monsoons, the ECS shelf possesses a
complex hydrology (Liu et al., 2003). In addition, spring blooms have
appeared in the south part of Cheju Island in the ECS, as reported by
Son et al. (2006).

A one-month cruise was carried out in the south part of Cheju Island
in the ECS (Fig. 1) in the spring of 2007. During the observation, nu-
trients were pulled up to the sea surface by circulation, which occurs in
the spring, and the abundant silicon, the appreciable nitrogen, the
phosphorus and the temperature caused a high chlorophyll-a con-
centration in the study area (Fu et al., 2015). In fact, Fu et al. (2015)
observed a linear relationship between in-situ measured chlorophyll-a
and the silicate concentration with R2 of 0.7812.

The aims of this study are to: 1) determine the concentration of
chlorophyll-a in surface water in the study area using MODIS; and 2)
utilize a method that derives sea surface silicate concentrations from
SST and surface chlorophyll-a concentration using regression analysis
and remotely sensed data.

2. Study area and data collection

2.1. Study area

The field observation was performed at 30°–32.33°N,
124.33°–127.67°E, covering 40,000 km2, across the shelf edge of the
ECS, as shown in Fig. 1, from 9 April to 6 May 2007. In spring, with the
rising of the temperature on the upper layer of the water and the ap-
pearance of the thermocline, the cold-water mass in the southwest part
of Cheju Island possesses the characteristics of low temperature and
mesohaline under the shielding effect of the thermocline (Qi et al.,

1991; Li, 1995; Yu et al., 2006) with abundant nutrients due to the
spreading of the Yellow Sea cold water mass (Fu et al., 2015).

The study area and the sampling stations (including sections C13-1
to C13-9, C14-1 to C14-9, C15-1 to C15-8, C16-1 to C16-9, C17-1 to
C17-11, C18-1 to C18-9, C20-3 and C20-6) are shown in Fig. 2.

2.2. Data collection

2.2.1. Sea surface temperature (SST) and chlorophyll-a (Chl-a) in-situ
measurements

Sea surface temperatures were measured using a probe from a RBR
water quality sensor (RBR Inc., Kanate, Ontario, Canada). The cali-
bration equipment from RBR permits traceable calibration for oceano-
graphy instruments, including that for temperature with accuracy
to± 0.002° C and conductivity with accuracy to± 0.003mS/cm.

Chlorophyll-a (Chl-a) was filtered using a 47mm GF/F filter, ex-
tracted using 90% acetone and determined with a Shimadzu UV2401
spectrophotometer (Shimadzu, Inc., Tokyo).

In sum, 22 stations were probed from 30.33°N to 31.33°N in one
month, as shown in Table 1. SST increased continually, and the mean of
SST changed from 12.8° C on 9 April 2007–17.4° C on 5 May 2007. A
high concentration of chlorophyll-a (> 10 ug/L) was detected in the
study area.

2.2.2. Nutrient data
Covering over 40,000 km2, 22 stations were investigated from 6

April to 6 May 2007. The sample stations are listed in Table 2.
Nutrient data, including dissolved inorganic nitrates (DINs), dis-

solved inorganic phosphates (DIPs, PO3- 4) and silicates (SiO2- 3), were
acquired by in-situ measurements. DIN concentrations can be calculated
by summing those of nitrate (NO- 3), nitrite (NO- 2) and ammonium

Fig. 1. Standard sea surface temperature image taken at daytime 11 April 2007 by Aqua
MODIS (the study area as marked in the black box).

Fig. 2. The sampling stations C13-1 to C13-9, C14-1 to C14-9, C15-1 to C15-8, C16-1 to
C16-9, C17-1 to C17-11, C18-1 to C18-9, C20-3 and C20-6 mapped using Ocean Data
View.

Table 1
Properties of chlorophyll-a data collected from 9 April 2007 to 5 May 2007.

Station name Period Latitude n

C14-2,3,4,6 03 May 2007 30.33°N 4
C15-1,2,3,4,5,8 26 April–05 May 2007 30.67°N 6
C16-1,2,3,4,6, 9 26 April–04 May 2007 31.00°N 6
C17-1,2,3,4,5,6 09 April–04 May 2007 31.33°N 6
Total 09 April–05 May 2007 22
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(NH+ 4).
The concentrations of NO- 3 and SiO2- 3 with 0.7% and 6.0% ac-

curacy, respectively, were tested using a San++ Automated Wet
Chemistry Analyzer (Skalar Analytical B.V., Netherlands). The con-
centrations of NO- 2, NH+ 4 and PO3- 4 were tested using a spectro-
photometer with 8.6%, 14.5% and 10.0% accuracy, respectively
(Standardization Administration of the People's Republic of China,
2007).

2.2.3. Remotely sensed data
Daily level 3 chlorophyll-a concentration products with 4 km re-

solution and monthly level 3 SST products with 4 km resolution from
Aqua/Terra MODIS were acquired for the study area from the Ocean
Biology Distributed Active Archive Center (OBDAAC). The standard
chlorophyll-a product was derived from the OC3M algorithm (O’Reilly
et al., 2000). Ocean Colour SeaDAS Software was applied to process the
chlorophyll-a and SST data.

QuikScat (or SeaWinds) data (including rain contaminated data)
were acquired from remote sensing systems and sponsored by the NASA
Ocean Vector Winds Science Team (data are available at www.remss.
com).

3. Results and discussion

3.1. Testing MODIS standard Chl-a

The revision of Chl-a data could not include all areas due to thick
clouds blocking the light during the observation period. All revised
chlorophyll-a data were obtained within one or two days of the sam-
pling time by each station to reduce error. Although data at 22 stations
had been measured, as shown in Table 2, only the data from 13 stations
could be revised using remote sensing data. Chlorophyll-a concentra-
tion at the sea surface was investigated using satellite data. The in-situ
measured chlorophyll-a at the sea surface (water depth≤ 2m) was
compared with the revised chlorophyll-a data by MODIS.

The results show a high linear correlation between both the satellite
and in-situ data (see Fig. 3), which means that the MODIS chlorophyll-a
concentration product can be used directly to explore sea surface
chlorophyll-a in the study area.

According to Tables 1 and 2, nine stations (C14-3, 6 and 9, and C16-
1, 2, 3, 6, and 9) measured both Chl-a and nutrient concentrations at
the same time. MODIS chlorophyll product can provide Chl-a data for
those stations that only observed nutrient concentrations, but missed
Chl-a concentrations. The MODIS chlorophyll product data will be di-
rectly applied in this study. This is because the recalculated Chl-a
concentration using the linear relationship identified in this section (in-
situ measured Ch-a= 1.334×MODIS chlorophyll product − 0.744)
will be a negative number when the MODIS chlorophyll product data
are less than 0.55 μg/L.

3.2. Adjusted correlation analysis

A cluster analysis by Fu et al. (2015) indicated that algal species that

can survive in 13.9–18.5 °C dominated the study area. The low tem-
perature might have reduced the consumption rate of nutrients and the
growth rate of phytoplankton. A previous study by Luo et al. (2007)
reported that Chaetoceros lorenzianus and Bidduphia sinensis Greville
could survive in a wider temperature range (12–28 °C), which enables
them to dominate in the spring in the ECS. When water temperature
increased, Prorocentrum dentatum, which grows well within a tem-
perature range of 20–27 °C and grows optimally at 24 °C, has become
the major algal species in the ECS. This has occurred since the 2000 s
(Chai et al., 2009). In this study, samples collected in low temperature
environments (lower than 12 °C) will be removed to reduce the error of
the correlation relationship.

Moreover, weather conditions highly affect sea surface nutrient
concentrations. Strong winds not only re-supply nutrients but also bring
phytoplankton to the surface (Simpson and Jonathan, 2012).
Containing phosphorus and nitrogen from air pollution, rainwater also
introduces new nutrients into sea waters. To bridge the nutrient and
Chl-a concentrations, some external factors should be excluded. Data
collected in such weather conditions will be removed from this study.

Based on QuikScat data, rainy weather occurred on 3 May 2007 (as
shown in Fig. 4). This means that the data collected on this day was
removed.

The relationship between Chl-a and silicate concentrations was
described as chlorophyll-a concentrations (μg/m3)= 0.7519× silicate
concentration (mmol/m3)− 0.8431 with R2= 0.7812 (Fu et al., 2015).
The aim of this section is to optimize the correlation between phyto-
plankton and nutrients by removing some external factors. We excluded
some invalid stations data affected by external factors, such as weather
condition, air pollution, and rainwater. The remaining stations data are
listed in Table 3.

Revised chlorophyll-a data were used as a dependent variable in the
correlation analysis, while nutrient factors (N:P, N:Si, DIN, DIP, and
silicates) measured at the sea surface were set as independent variables.
The Pearson product-moment correlation coefficient (Pearson's r) be-
tween chlorophyll-a and N:P is −0.305, and the coefficient between
chlorophyll-a and N:Si is −0.429, which means that correlations were
not notable. A low correlation between chlorophyll-a and DIN ap-
peared, with a correlation coefficient of −0.156. No correlation oc-
curred between chlorophyll-a and DIP, as the correlation coefficient
was −0.056. A high correlation between chlorophyll-a and silicates
appeared, with a correlation coefficient of 0.808.

Comparing Pearson's r between SST and chlorophyll-a concentration
(-0.322), SST affected nutrient concentration more than the growth of

Table 2
Properties of nutrient data collected from 6 April to 6 May 2007.

Station name Period Latitude N

C13-3,6,9 02–06 May 2007 30.00°N 3
C14-3,6,9 03 May 2007 30.33°N 3
C16-1,2,3,5,6,7,9,12 26 April–05 May 2007 31.00°N 8
C17-7,11 04 May 2007 31.33°N 2
C18-3,6,9 09 April–04 May 2007 31.67°N 3
C19-6 06 April 2007 32.00°N 1
C20-3,6 06 April 2007 32.33°N 2
Total 06 April–06 May 2007 22

Fig. 3. MODIS-derived versus in-situ measured chlorophyll-a for 11 stations. The red line
is the regression line with R2 of 0.937. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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phytoplankton. The Pearson's r between SST and DIN, DIP and silicates
was −0.652, −0.668 and −0.630, respectively.

These results show that the silicate concentrations in the water body
can be estimated using Chl-a concentration (Figs. 5 and 6).

3.3. Regression analysis

Acquiring Chl-a concentration data is simple, since the reliability of
the MODIS chlorophyll product has been analyzed previously. The si-
licate concentration can be described as in Eq. (1).

= − + +S C C0.0103. 1.0793. 1.95662 (1)

where S stands for silicate concentration in μmol/L; and C is the Chl-a
concentration in μg/L. The reliability of calculated silicate retrieved
from the Chl-a concentration was acceptable with R2 of 0.650, RMSE of
0.434 μmol/L (10.97%), and MAE of 1.411 μmol/L (36.66%).

The correlation analysis also demonstrated that water temperature
can affect silicate concentration. Considering the SST, the regression
relationship can be improved as in Eq. (2):

= + −S C Temp15.5 0.837 0.818 (2)

where Temp is the SST in °C. Comparing the calculated silicate con-
centration values with measured ones, a good match was found be-
tween them with R2 of 0.803, RMSE of 0.326 μmol/L (8.23%), and MAE
of 0.925 μmol/L (23.38%).

Fig. 4. QuikScat v4 wind vectors mapped on 3 May 2007. The red lines show that strong
winds (15–20m/s) and rain (gray arrows) occurred in the study area (marked in a black
square). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 3
The remaining stations with some external factors.

Station date(yyyy-mm-dd) SST(°C) DIP(μmol/L) Silicates (μmol/L) DIN(μmol/L) Chlorophyll-a(μg/L)

C20-6 2007−04-06 13.93 0.28 5.04 3.17 0.93
C20-9 2007−04-06 16.61 0.16 1.26 1.27 0.69
C16-1 2007−04-26 14.57 0.19 4.93 4.73 1.58
C16-2 2007−04-27 15.35 0.20 5.20 4.36 0.85
C16-3 2007−04-28 14.43 0.07 6.42 0.73 2.53
C16-5 2007−04-29 14.90 0.09 11.18 1.26 7.15
C16-7 2007−05-04 16.30 0.06 6.95 0.32 6.92
C16-9 2007−05-04 17.53 0.02 1.76 0.20 0.58
C14-9 2007−05−05 17.79 0.03 2.15 0.28 0.49
C17-11 2007−05−05 17.58 0.02 1.58 0.66 0.26
C13-9 2007−05-06 18.51 0.03 1.98 0.45 0.60
C17-7 2007−05-06 15.85 0.03 1.92 0.84 2.90
C18-6 2007−05-07 15.02 0.06 3.39 2.36 1.03
C18-9 2007−05-08 16.94 0.01 1.65 0.61 0.60

Fig. 5. Validation result using data from the 2007-cruise. In-situ measured silicate con-
centration versus calculated concentration using a Chl-a model.

Fig. 6. Validation result using data from the 2007-cruise. In-situ measured silicate con-
centration versus the calculated concentration using a Chl-a-SST model.
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3.4. Silicate distribution at the sea surface

A previous study reported a high correlation between Chl-a-SST and
silicates in the sea surface of the study area (Chen, 2009). To obtain a
more accurate silicate distribution at the sea surface, one can use
MODIS, as MODIS product data, such as Chl-a and SST, may not be
affected by wind stress or rainy weather. We utilized MODIS to de-
termine the Chl-a concentration and SST for 25 April 2007 and in-
corporated those values in the analysis. The distribution of silicates at
the sea surface of the shelf-sea front of the ESC retrieved using MODIS
data is shown in Fig. 7.

A high silicate concentration was spotted in the center of the map,
as shown in Fig. 7. Moreover, the surface silicate front took the same
shape and location as the thermal fronts at the Yangtze bank, which was
also reported in Chen’s (2009) study.

4. Conclusions

Spring blooms in the south part of Cheju Island in the ECS have been
consistently reported. According to our study, diatoms constituted the
dominant species when the front occurred in spring, and silicate limited
the growth of phytoplankton in the study area. These conclusions can
also be supported by the survival temperature for algae species.

In this study, the MODIS chlorophyll-a product was evaluated with
in-situ measured chlorophyll-a. The result showed the reliability of
MODIS products, with R2 of 0.937. With the assistance of remotely
sensed data, the relationship between nutrient and chlorophyll-a was
identified.

Moreover, an improved silicate concentration retrieval method was
proposed by adding an independent variable: SST. The improved linear
relationship between chlorophyll-a-SST and silicate concentration with
R2 of 0.803, RMSE of 0.326 μmol/L (8.23%), and MAE of 0.925 μmol/L
(23.38%) has been established. Through chlorophyll-a retrieved from
MODIS and the SST data, the silicate distribution for the study area was
mapped.

This method provided a new solution to identify nutrient distribu-
tions using satellite data such as MODIS for water bodies. As the
method appears reasonable, further studies should focus on the re-
lationship of chlorophyll-a and nutrients during other seasons to
monitor water quality in this and other areas.
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