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Abstract: This study improved significantly the relationship between aerosol optical depth (AOD) and sea surface
chlorophyll-a concentration (Chl-a), after considering the effects of sea surface temperature (SST), ocean surface
current (OSC) and type of aerosols. The decadal satellite-retrieved Orbview-2/SeaWiFS Chl-a and Terra/MODIS
AODss50nm data (from March 2000 to December 2010) were used to investigate the impact of atmospheric aerosols on the
Chl-a concentration in the coastal water around the region of East Asia (equator to 75°N and from 100°E to 180°E). Two
sets of sequential areas (A4 to A and B4 to By) were selected for examining and excluding the influence of SST and
OSC. After taking the potential location of aerosol deposition from OSC into account, an obvious correlation between
AODss0nm and Chl-a concentration was demonstrated around the site of study area A. For aerosol partition, the
Normalized Gradient Aerosol Index (NGAI) was applied to MODIS AOD products for aerosol type identification and
mixed status determination. The results indicated that the type of mineral dust (DS) significantly increases the Chl-a
while the biomass burning (BB) aerosols may restrain the Chl-a. This seems to be a non-impact of anthropogenic
pollutant (AP) on Chl-a within the surface layer. The other area, B (B, to By), next to the region of area A, also shows
similar results with high consistency; thus, the significant impact of DS aerosols on Chl-a production is suggested over

the coastal region of East Asia.

Keywords: Sea surface temperature, Ocean surface current, Aerosol optical depth, Chlorophyll-a concentration,

Normalized gradient aerosol index.

1. INTRODUCTION

At the base of the ocean food web are single-celled
algae and other plant-like organisms known as
phytoplankton. Spatial and temporal distributions of
phytoplankton over the oceans are essential
parameters for realistically estimating ocean net
primary production [1]. Similar to terrestrial plants,
phytoplankton use chlorophyll and other light-
harvesting pigments to carry out photosynthesis,
absorbing atmospheric carbon dioxide to produce
sugars for fuel. Chlorophyll in the ocean changes the
way water reflects and absorbs sunlight, allowing
scientists to map the amount and location of
phytoplankton which could provide scientists with
valuable insights into ocean health, and enable them to
study the oceanic carbon cycle. Since the late 1950’s,
Chl-a has been utilized as the significant scale for
assessing phytoplankton biomass via aquatic
photosynthesis models [2].

Covering an area from the equator to 75°N and
from 100°E to 180°E, the coastal waters of East Asia
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(EA) are abundant with marine resources. This area is
located within the EA monsoon region [3, 4]. During the
winter monsoon season from November to April, the
prevailing northeasterly carries dust mixed with
anthropogenic aerosols during dust eruption to the
coastal water in northern EA [5]. Similar research
indicates that Asian dust storms tend to rage in spring,
and the dust can be further transported to and sink in
the northern South China Sea (SCS) during the
springtime [6]. For example, in March of 2010, a severe
dust storm occurred in Gobi Desert and affected large
areas along with pathway toward the Northwest of
Pacific and SCS [7].

On the other hand, the smoke particles from
biomass burning events in Borneo and Sumatra are
usually transported to coastal waters in southern EA
[5]. A recent study suggested that the content of
chlorophyll  within the phytoplankton increases
according to the dissolved iron component over the
northeastern Pacific subarctic regions [8]. The similar
result also delivered by satellite observation in SCS [9].
A great amount of suspended particles also attributed
to varied emissions from the Asian continent (such as
dust, anthropogenic, and biomass burning aerosols)
has been widely impacted the ecosystem during the
spring and summer seasons [10, 11]. The experiment
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supported that the Aeolian mineral dust deposition has
been reported to promote nitrogen fixation in the
eastern tropical North Atlantic [12], which is strongly
impacted by Saharan dust input. Only the plume has
high SO,-to-dust ratio enough to overcome the alkalini-
ty buffering capacity of the calcite (CaCOs) contained in
the dust. Thus Fe in the dust plumes can be acidized
as biogenic Fe in the North Pacific Ocean [13].

However, a previous study concluded that the
correlation between the AOD and the Chl-a in the
region of SCS was not obvious [14]. In general, this
result may be caused by related factors (e.g., changes
of SST, different types of aerosols, and location of
aerosol deposition according to OSC) that affect the
presence and growth of sea surface Chl-a
concentration. Different regions of the ocean are
related to local OSC and can potentially result in
panmictic planktonic communities [15, 16]. The Chl-a
spatial distribution could be affected by regional OSC
and SST [17-19]. Thus, filtering the effects of OSC and
SST plays a significant role in determining the impact
of aerosols on Chl-a production. Therefore, the
objective of this study is to clarify these issues by using
a remote sensing perspective. The decadal satellite
base AODssonm and Chl-a data were collected and
processed to examine the impacts of AODss0,m ON sea
surface Chl-a in spatial and temporal variation around
the coastal waters of EA. In addition, aerosol partition
satellite data are used and the effects of different
aerosol types on Chl-a are discussed as well.
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2. STUDY AREA AND MATERIALS

2.1. Study Areas

High aerosol loadings and multi-aerosol types are
prevalent throughout the East Asian atmospheric
environment [20, 21]. Suspended aerosols over
eastern Asia are primarily transported by the airflow
toward the Pacific Ocean during the spring and winter
seasons. These aerosols represent an important
source of marine ecosystem nutrients due to
atmospheric aerosol deposition [22]. Hence, the East
Asian area is very suitable for exploring the effect of
aerosols on Chl-a. This study focuses on the area from
0°N to 75°N and 100°E to 180°E, as depicted in Figure
1. The major direction of OSC is from southwest to
northeast (Figure 1a), while SST mainly follows
horizontal distribution (Figure 1b). Since the Chl-a is
mainly affected by the OSC and SST [17-19], the sub
study areas (A to Ay and By to By) are sectioned
according to the spatial distribution of SST and OSC.

2.2. SeaWiFS Chl-a Products

For the Chl-a data, this study uses the monthly
products of SeaWiFS (level 3) [23]. Long term data
were collected from March 2000 to December 2010 as
the list in Table 1. The Chl-a data of sub study areas in
A and B (black boxes in Figure 1b) were extracted from
the study region (0°N to 75°N and 100°E to 180°E) off
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Figure 1: (a) The major ocean surface current (OSC) is from southwest to northeast in our study area (image source: NOAA).
(b) The levels and spatial distribution of sea surface temperature (SST) around the study area in March 2016. (Source:
WORLDVIEW). The black boxes in figure (b) indicate the sets of study areas A and B.
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Table 1: SeaWiFS and MODIS Products used in this Study
Sensor Period L3 Monthly Product
SeaWiFS_L3m_MO_CHL_chlor_a_9km
SeaWiFS Mar. 2000 to Dec. 2010 - - - N -
Surface ocean chlorophyll concentrations (Chl-a, mg m )
MODO08_M3
MODIS Mar. 2000 to Dec. 2010 Aerosol Optical Depth (AOD) at 0.412, 0.47, 0.67, 0.87 and 2.13um

the coastal water in EA based on the SeaWiFS Chl-a
products (Figure 4).

2.3. MODIS AOD Products

In addition, monthly AODssonm provided by the
National Aeronautics and Space Administration (NASA)
Terra MODIS (Moderate Resolution Imaging
Spectroradiometer) Level 3 satellite data were also
used in this study [24]. These data consist of monthly
averages from March 2000 to December 2010, with a
spatial resolution of 1°x1°. Table 1 combines the
SeaWiFS and MODIS data. The MODIS AODss0nm data
were used to analyze the temporal and the spatial
variation in comparison with the Chl-a data due to 550
nm is a common wavelength used in global climate
modeling and analysis [25]. To take the effect of
pollution species into account, different spectral AODs
were applied to discriminate aerosol categories
between mineral dust (DS), anthropogenic pollutant
(AP), and biomass burning (BB) [26, 27]. Aerosol types
were then classified via the different spectral AODs as
well as the correlations between AODss0nm, chlorophyll,
and their temporal and spatial variation were then
analyzed again

2.4. AERONET AOD Measurements

In validating the accuracy of MODIS AODssonm data,
ground-based measurements from AERONET (Aerosol
Robotic Network) stations around the SCS were used
as a reference. The AODssonm values derived from the
satellite (MODIS) and ground-based measurements
(AERONET) were compared throughout the SCS for
this study. We use the monthly in-situ data from the
AERONET observation stations around the SCS. The
information of site name, location and data period of six
sites are listed in Table 2.

3. METHODOLOGY OF AEROSOL IDENTIFICATION

The Normalized Gradient Aerosol Index (NGAI)
approach, based on derivations of spectral AODs
related to the characteristics of particle size and
refractive index of aerosols, is applied to determine the
types of atmospheric aerosols in this study [26, 27].

The definition of NGAI
following formula,

can be described as the

(1)

NGAI(}H M) = VT(M A2) /Tlm/
‘C;H - Tkz

MRy ()

V'C(kl ’)\2) =

where 15 is AOD at a specific wavelength A. Figure 2
demonstrates the fundamental concept of NGAI
approach in discriminating the type of aerosols from the
AERONET measurements. The category of aerosols
over the study area thus can be identified with MODIS
AOD products into pure type (DS, AP and BB) and
mixed type (DS+AP, DS+BB and AP+BB). According to
the definition of NGAI [26], AOD fractions of dual-type
aerosols can be expressed by Eq. (3) and (4),

mean—A ABmixed
ffllqOD _ NGAI(M M) T NGA]OH M) 3)
mean—A mean—B
NGAI(}\,I ’)\’2) - NGAI(}\’I ’)\‘2)

(4)

B A
Sfaop =1- fiop

where are the mean

mean—A mean—B
NGAIOH)\Q) and NGAIO\-]J\Q)
values of NGAI of aerosol type A and B, while
NGAI&?K’;‘fd is the NGAI value of dual-type mixture,
(A,Ay ) stands for the spectra of AOD (see also

Figure 3).
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Figure 2: Scatter plots of Normalized Gradient Aerosol Index
(NGAI) based on spectral AODs from ground-based
measurements for the identification of aerosol type and dual
type mixtures. 1y 47, is the AOD value in 0.47um.
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Figure 3: The scheme of AOD fraction determination in dual-
type aerosols (type A and B) based on NGAI values.

4. RESULTS

4.1. Validation of Satellite Data

Table 2 presents the correlation coefficient between
the MODIS AODss0nm and the in-situ AERONET data.

The results show that the correlation coefficients were
all over 0.7, except the Singapore and BacLieu
stations, with the highest value at the Dongsha station
where the correlation coefficient reaches 0.91. The
results of high relationship between the satellite
retrieval and in-situ measurement around SCS suggest
that the MODIS AODssonm is available for exploring the
correlation with Chl-a.

4.2. Collocation of Satellite Data

A total of the 130-months (March 2000 to December
2010) of SeaWiFS Chl-a data needed to be converted
from a spatial resolution of 0.1°x0.1° (Figure 4a) into a
spatial resolution of 1°x1° (Figure 4b) as MODIS
satellite only offered monthly mean AODssonm product in
a 1°x1° spatial resolution. This conversion enabled us
to analyze the correlation between the Chl-a and
AODs50nm in the same spatial resolution.

Table 2: The Correlation Coefficient between Monthly MODIS AODss5onm and AERONET AODssonm

AERONET St. Location Data Period Correlation Coefficient (R?)
Dongsha (116.729° E, 20.699°N) 2009/09~2010/05 0.91
Mukdahan (104.676°E, 16.607°N) 2003/11~2009/12 0.70
Pimai (102.564°E, 15.182°N) 2003/02~2008/04 0.81
Hong Kong (114.180°E, 22.303°N) 2005/11~2010/01 0.70
Bac Lieu (105.730°E, 9.280°N) 2006/05~2009/02 0.52
Singapore (103.780°E, 1.298°N) 2006/11~2010/05 0.24
100(E o 120 E 140 E 160 E 180E  100E 120 E MOE  160E 180 E
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Figure 4: (a) the raw data of monthly Chl-a concentration (mg m ) from SeaWiFS product in 0.1° spatial resolution in April
2010, (b) the result after resampled to the spatial resolution of 1°.
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4.3. Correlation between AODs5s50,m and Chl-a

The preliminary results showed that there is no
significant relationship between AODsso,m and Chl-a in
the whole study area (equator to 75°N and from 100°E
to 180°E), as displayed in Figure 5. The low correlation
(R*=0.04) between AODssonm and Chl-a in the study
area may indicate other uncertainties and cause poor
results, such as OSC.

yv=0.05x+0.29
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Figure_35: The relationships between AODssonm and Chl-a

(mg m ) in our study area from March 2000 to December
2010. N is the total number of points.

The phytoplankton are also generally more
abundant in colder waters and less abundant in warmer
waters. Therefore, the present work separated some
study areas depending on the horizontal distribution of
SST and OSC from southwest to northeast. Lastly, 10
study areas were selected with a spatial resolution of
5° x 5° from A; to A4, and 5° x 10° from As to Ao,
depending on the change of SST and direction of OSC
in our study area. The presence of aerosol and

chlorophyll concentration in these 10 study areas were
confirmed by the AODss0nm and Chl-a values provided
by the MODIS and SeaWiFS satellite data in Table 3.
Besides these 10 study areas, which are shown in
Table 3, the study also presents the distribution of
MODIS monthly AODssonm data and the distribution of
SeaWiFS monthly Chl-a in Figure 6. There is no
significant relationship (R®=0.15, Figure 6a) between
AODss0nm and Chl-a after obtaining the mean value
from each area in Figure 6b. However, the Chl-a
pattern looks similar to the AODsso,,m pattern when
compared with the previous area of AODssonm, in Figure
6d. This relationship appears to have a greater positive
correlation and is more significant (R2=0.45, Figure 6c¢).

Figure 7c¢ demonstrates the spatial distribution of
aerosol types by NGAI method in April 2010. The
particle size in the Angstrém exponent (AE) of different
aerosol type is also derived by checking the results of
the aerosol partition, which exhibited approximately the
same particle size distribution in each aerosol type, as
shown in Table 4. The marine area of the aerosol
mainly consists of DS and AP from the mainland. The
distribution of DS on the northern ocean area is due to
the many DS events produced in Northern China.

Table 4: Mean AEs70 66onm Of Different Aerosol Type
Derived from NGAI Approach
Type AE470_s60nm
DS 0.56 £ 0.04
AP 0.99+0.08
BB 140+ 0.13

-3
Table 3: Monthly Means Value with Standard Deviations of AODssonm and Chl-a (mg m ) in each Sub Area of Study

Area A
Area A Location AODss50nm Chl-a
A (105-110° E, 5-10°N) 0.48+0.21 1.03+1.21
A, (110-115° E, 10-15°N) 0.26+0.08 0.84+0.07
A; (115-120° E, 15-20°N) 0.28+0.15 0.13+0.08
Ay (120-125° E, 20-25°N) 0.3610.22 0.22+0.31
As (120-130° E, 30-35°N) 0.29+0.26 0.83+1.09
As (130-140° E, 35-40°N) 0.33+0.34 0.69+0.86
A; (140-150° E, 40-45°N) 0.3610.35 0.89+1.18
As (150-160° E, 45-50°N) 0.3610.32 0.96x1.16
Ag (160-170° E, 50-55°N) 0.35+0.23 0.98+1.10
Ao (170-180° E, 55-60°N) 0.39+0.25 0.88+1.01
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Figure 8 considers the deposition effect of aerosol
type (DS, AP and BB) by comparing the differences
between AODssonm and chlorophyll within the 10 study
areas. The relationship appears to be more significant
(R2 from 0.37 to 0.74) when considering the deposition
effect, as shown in Figure 8a and 8b. This finding
indicates that the effect of DS aerosol deposition is
better than that without considering the effect of DS
aerosol deposition. The relationship between AODs50nm
of DS and Chl-a is a more significant correlation, which
means the AODssonm of DS will increase the Chl-a.
Results of the AP aerosol type show no significant
relationship (R* from 0.08 to 0.04), as depicted in
Figure 8c and 8d. The negative correlation (R2 from
0.48 to 0.42) between AODss0nm of BB and Chl-a
indicates the AODss0nm Of BB may cause a decrease in
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Chl-a (Figure 8e and 8f). The overall results suggest
the DS aerosols could increase the growth of Chl-a, the
BB aerosols could reduce the growth of Chl-a, as DS
particles can provide the nutrients needed for
phytoplankton growth.

To ensure accuracy, we shifted the old study area
(A1 to Ay) to the new study area (B; to Bg), and
examined whether the AODss0nm and Chl-a still had the
same result. The presence of aerosol and chlorophyll
concentrations in these 9 study areas was confirmed
by the AODssonm and Chl-a values provided by the
MODIS and SeaWiFS satellite, as shown in Table 5.
The relationship between AODss0nm of DS and Chl-a is
a significant correlation (R® from 0.65 to 0.90), as
shown in Figure 9a and 9c. The Chl-a pattern of Figure
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Figure 6: The comparison between MODIS AODss0nm and SeaWiFS Chl-a based on 10 selected areas (A to Aqo). Figure (a)
and (b) are the scatter plots and patterns from the same area. Figure (c) and (d) are the scatter plots and patterns compared

with the previous area of AODssonm.

Table 5: Monthly Means Value with Standard Deviation of AODssonm and Chl-a (mg m'3) in each Sub Area of Study

Area B
Area B Location AODss50nm Chl-a

B, (110-115° E, 5-10°N) 0.35+0.14 0.56+0.87
B, (115-120° E, 10-15°N) 0.25+0.06 0.18+0.22
Bs (120-125° E, 15-20°N) 0.23+0.07 0.11+0.05
B, (125-130° E, 20-25°N) 0.20+0.06 0.08+0.10
Bs (130-140° E, 30-35°N) 1.21+0.71 0.48+0.45
Bs (140-150° E, 35-40°N) 1.48+0.88 2.51+1.86
B, (150-160° E, 40-45°N) 1.35+0.88 2.92+1.97
Bs (160-170° E, 45-50°N) 1.10+0.51 3.05+1.41
By (170-180° E, 50-55°N) 0.77+0.53 1.20+1.56
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Figure 7: Monthly products of (a) AODssonm and (b) Chl-a (mg m ) in April 2010, and (c) the results of aerosol type
identification including biomass, anthropogenic, dust and the mixed aerosols.

9d appears to be more similar to the AODss50,m pattern
depicted in Figure 9b in a comparison to the previous
area of AODssonm. Ultimately, these results show that if
we want to analyze the relationship between AODssonm
and Chl-a, we need to consider the SST, OSC, aerosol
deposition area and type of aerosol.

DISCUSSIONS

Although there are patterns found within the spatial
distributions in AODssonm and Chl-a, there is still no
significant correlation (R2=0.‘I5) in the study area. The
results could be primarily caused from the effects of
OSC and SST on the spatial distribution of Chl-a. After
considering the effects of OSC and SST on the
spatiotemporal variations, the results exhibit a
significant improvement of relationship between
AODss0nm and Chl-a (R®=0.45) in study areas A and B.
The highly consistent results indicate that the variation
of Chl-a concentration could be caused by the change
of AODssonm primarily related to the deposition effect of
aerosols.

In regard to aerosol impact on Chl-a production, the
type of aerosol could be the most important factor
based on the results of this study. DS aerosols can
increase the Chl-a concentration significantly, while the
BB aerosols may restrain the Chl-a concentration and
the AP aerosols seem to be independent of Chl-a
concentrations. It's worthy of note that both of SO, and
Fe are the key components to react the impacts of
dusts on Chl-a production [13]. Based on satellite
observations, the high-value coarse AODssonm usually
presents during the springtime in the SCS area.
Previous studies found that the DS of Northwest India
occur during spring and summer, which may be why
DS exists in the southern parts of the ocean [28, 29].
This result indicated that the coarse aerosol particles
(DS) primarily came from China and the Indo-China
Peninsula throughout an annual cycle, which
corresponds with previous studies [6, 7, 11]. According
to the spatial distribution and the results of prior
studies, Mainland China and the Indo-China Peninsula
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Figure 8: The diversification of patterns between AODssonm and Chl-a (mg m ) in sub areas (A1 to Ajo) for different type of

aerosols (DS, AP and BB) before (panel a, ¢ and e) and after (panel b, d and f) considering the aerosol deposition.
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Figure 9: The comparison between MODIS AODssonm and Chl-a (mg m ) from 9 sub areas (B to Bo). Panel (a) and (b) are the
scatter plots and patterns from the same area. Panel (c) and (d) are the scatter plots and patterns compared with the previous

area of AODssonm.

SCS from March to April and from August to October
from Southeast Asia [5, 10].

are estimated to be the source regions of DS aerosol
particles. On the other hand, some of the results show
that the higher AOD corresponds to the BB around the
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The importance of aerosol identification towards
exploring the effect on Chl-a is clear, particularly the
discrimination of DS aerosols. Therefore, it is essential
to distinguish the type of aerosols to examine the direct
impact on Chl-a. In this study, the NGAI approach is
employed to identify and categorize different types of
ambient aerosols using spectral AODs retrieved from
satellite observations [26]. The deposition effect of
aerosol also needs to be considered on a relative scale
to derive more representative results. The findings in
this study were consistent with the previous results
[30], which indicated that the effect of DS aerosol
deposition is better than that without considering the
effect of DS aerosol deposition.

CONCLUSION

The present study utilized decadal satellite
retrievals of AODssonm and Chl-a concentrations derived
from Terra MODIS at 550 nm and SeaWiFS to study
the impacts of aerosol types (DS, AP and BB) on Chl-a
concentration within the surface-layer of coastal waters
around the EA region. The characteristics of spatial
and temporal variation are also discussed during the
study period. Based on the long term data from March
2000 to December 2010, the significant impact of DS
aerosol deposition on chlorophyll-a production on
ocean surface can be clearly clarified.

In summary, with respect to the relationship
between AOD and Chl-a, the influences of SST and
OSC have to take into consideration. After considering
the factors of SST and OSC, the relationship between
aerosol optical depth (AOD) and sea surface
chlorophyll-a concentration (Chl-a) is suggested to be
significantly related to aerosol type over coastal area in
East Asia, in particular the Fe and SO, compositions
within mineral dusts (DS) and anthropogenic pollutants
(AP). The potential of satellite observations in
monitoring the atmospheric aerosols and coastal Chl-a
in spatiotemporal distribution is also presented for the
assessment of oceanic environment in this study.
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