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Time series of chlorophyll-a concentration (chl a), backscattering coefficient at 490 nm (by,(490)) and
spectral slope of by, (v) derived from satellite imagery of ocean color were used to study the aquatic
ecosystem of the Southern Yellow Sea during the time period of 1997-2007. Our study indicated that chl a
increased in offshore waters by 0.02 mgm™y ~! (p < 0.05), in contrast to a decline observed in the middle
and low-latitude global waters. by, (490), a proxy of total suspended particulate matter concentration did not
have any significant trend, while v, a proxy of the relative proportion of small-sized and larger particles in
the surface ocean, decreased significantly. Annual spring phytoplankton blooms occurred in nearshore and
offshore waters of the central Southern Yellow Sea; while autumn blooms only occurred in nearshore waters.

Keywords: Chlorophyll-a concentration, particle back-scattering coefficients, particle size distribution

Introduction

Coastal waters are highly impacted by human ac-
tivities and runoff from land, but difficult to monitor
due to the rapidly changing dynamics and the tem-
poral and spatial limitations of traditional sampling.
Phytoplankton is a key indicator of aquatic ecosys-
tem status, and the concentration of the pigment
chl a can be used as a proxy of the abundance of
phytoplankton. Remote sensing techniques for mon-
itoring phytoplankton can aid the study of aquatic
ecosystems (McClain, 2009).

Phytoplankton is a key component of particu-
late assemblages in marine waters. The size of algal
particles is generally larger than suspended sedi-
ments in coastal waters that are usually dominated

by finer inorganic particles. The particle size dis-
tribution of phytoplankton assemblages varies with
the algae species as well as environmental condi-
tions. The abundance of phytoplankton and non-
algal particles, and their size distribution influence
the inherent optical properties.

Backscattering of light for pure sea water has
a strong power law dependence on wavelength,
i.e. bpw(A) ~ A7+ The spectral dependence of
the backscattering coefficients of suspended ma-
rine particles, byp, can be approximated as follows,
byp(A) = CA77, where C is proportional to the par-
ticle concentration and y is the exponent of the
spectral dependency. Recent field and theoretical
studies indicate a trend of an increase in y with an
increase in small-sized particles (Reynolds et al.,
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2001; Wozniak and Stramski, 2004; Loisel et al.,
2006; Kostadinov et al., 2007). For large particles,
y & 0, and for small particles, y > 0 (Carder et al.,
1999). Note negative values can occur, especially
in coastal areas, due to the absorption depression
effect, particularly in the blue part of the spectrum.
Kopelevich (1983) divides particles into two classes
depending on their size: large particles which have
a strong forward scattering peak and small wave-
length dependence, with y = 0.3, and small particles
which have an almost symmetric scattering function
and stronger wavelength dependence, with y = 1.7
(Mobley, 1994). As reported by Loisel et al. (20006),
y is generally smaller in eutrophic coastal waters
than in oligotrophic waters in the open seas. Based
on in situ and satellite estimates, y, the wavelength
dependence of by, ranges from 0 to 3 (Loisel et al.,
2006).

To date, chl a, bpy(X) and y can be estimated by
satellite (Loisel et al., 2006) and used to evaluate the
changes and trend of chlorophyll-a concentrations
in marine waters (Vantrepotte et al., 2011). Analyses
using the spatial and temporal distribution of chl
a, byp(A) and y will be helpful to understand the
dynamic process of particles in specific waters (e.g.
D’Sa et al., 2007), and further to understand its
ecosystem dynamics. The purpose of this study is to
analyze the spatio-temporal patterns of chl a, byp(1)
and y of the Southern Yellow Sea over the time
period 1997-2007.

Data and methodology

The Yellow Sea (YS) is located between China
and the Korean peninsula; it is a marginal sea of
the Pacific Ocean. The southern part of Yellow Sea
(Southern Yellow Sea [SYS]) is next to the East
China Sea. The YS is an important productive region
for fisheries, and its coastal zone includes aquacul-
ture, tourism, transportation, and habitat for migrat-
ing birds. Its trophic status is significantly impacted
by inputs from land and coastal activities such as
aquaculture (Liu et al., 2009). The SYS is char-
acterized as Case-II waters for which inherent op-
tical properties not only depend on phytoplankton
and associated material, but also other suspended
and dissolved material of terrestrial origin. For the
purpose of this study the SYS was divided in two
different areas, one mainly dominated by offshore
waters with water depths higher than 15m, the other
by shallow coastal waters (A1 and A3[A2-Al], Fig-
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Figure 1. The bathymetry of the Southern Yellow Sea and its
vicinities. Area of Al (121.5E, 36.5N-125.5E, 33.5N) stands
for the central SYS, mainly dominated by off-shore waters with
the water depth more than 15 m; A2 (119E, 38N-127E, 32N)
is a larger area including the nearshore waters; A3 is the area
un-overlapped by Al and A2, A1-(AINA2).

ure 1). Previous researchers have tried to investigate
differences in the coastal waters and the central SYS
(offshore waters) (Fu et al., 2009), but the findings
were limited by the temporal-spatial coverage of tra-
ditional field investigations. Data for offshore waters
are particularly scarce for time series analysis.

The monthly chlorophyll-a concentration (chl a)
with a 9x 9 km spatial resolution was obtained from
the satellite imaging products of Sea-viewing Wide
Field-of-view Sensor (SeaWiFS). The data were
processed using the OC4-v4 algorithm (O’Reilly
et al., 1998). The algorithm is commonly biased in
the estimation of chl a for Case-II waters like the
SYS (Loisel et al., 2010). However, we have found
that our estimates with chl a are not significantly
impacted (Li, L. et al., Yantai Institute of Coastal
Zone Research, CAS, in prep.). The back-scattering
coefficient at 490 nm (by,,(490)) and the wavelength
dependency (y) were retrieved from the monthly
SeaWiFS water leaving irradiance (Lw) using the
methods proposed by Loisel and Stramski (2000)
and Loisel et al. (2006), respectively. The concerned
time period is from September 1997 to August 2007.

The mean value and standard deviation of each
parameter were calculated for all the pixels in re-
gions Al and A2. The value in A3 (Mj3) was cal-
culated on the basis of the mean values of Al and
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A2 (Ma; and Myy) as well as the areas of Al and
A2,ie. Maz = (A1xMa — A2 x Ma2)/(A1-A2).

Annual averages were calculated by averaging
the 12 monthly averages. To investigate seasonal
variability, monthly averages were calculated for the
ten years of the study. The standard deviations were
also calculated.

Results
Seasonal changes of chl a, b,,(490) and y

Phytoplankton blooms had different seasonal
timing between nearshore and offshore waters. In
the nearshore waters, the peaks of chl a occur in
February and August, and the minimum occured
in June (Figure 2a). This observation agrees with
previous studies based on field measurements per-
formed in the nearshore waters, e.g. the Jianzhou
Bay (Li et al., 2005) and Laizhou Bay (Chen et al.,
2001). The lowest chl a in the offshore waters were
found between June and August, and in contrast to
nearshore waters, there was only one peak of phy-
toplankton abundance occurring in April. The sea-
sonal variability of by, (490) differed from that of chl
a. In contrast to chl a, the seasonal patterns in by, did
not significantly differ between nearshore and off-
shore waters. For both regions, by, (490) was larger
during the winter-spring seasons (January—March)
and smaller in summer seasons (July and August)
(Figure 2b). In offshore waters, the peak of by,(490)
was in March, which is both different to the peak in
the nearshore waters in February and to the peak of
phytoplankton biomass in April. The wavelength
dependency of the particulate backscattering, y,
reached its largest value in winter season (January)
and its lowest value by the end of the summer season
(August) (Figure 2¢). However, the seasonal pattern
in y was very similar for the three defined regions.

Time series data of chl a, b,,(490) and y

Chl a, bpy(490) and y presented strong annual
cycles in both Al (offshore) and A2 (nearshore)
regions (Figure 3). As shown by the data during
September 1997 to August 1998, chl « in this area
was close to a log-normal distribution (Figure 4);
The spatially-averaged chl a during the time period
of 1997 to 2007 was log-normally distributed for A1
while normally distributed for A2 (Figure 5). The
absolute values of chl a and by,,(490) were always
lower in A1 than in A2 where nearshore waters were
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Figure 2. The seasonal variations of (a) chl a, (b) by,(490) and
(c) y in the Southern Yellow Sea and its vicinities. Standard
deviations are presented by error bars.

also included. Due to deposition, particulate con-
centration (including phytoplankton and non-algal
particles) decreased from nearshore to offshore wa-
ters. The wavelength dependency of backscattering
particles, y, was higher in offshore waters than in
nearshore waters.

Inter-annual variability and contemporary
trend

Figure 6 presents the inter-annual variations
of chl a, b,p(490) and y from September 1997 to
August 2007. Linear regression is used to analyze
the trends and the coefficients are listed in Table 1.
Chl a in the offshore waters of the central SYS
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Figure 3. The monthly variations of chl a, bp,(490) and y during the 1997-2007 time period for the A1 (panels a, c, €) and A2 (b,
d, ) regions. The solid line corresponds to monthly-averaged value, and the grey line corresponds to standard deviation.

significantly increased for chl a (p < 0.05) over the
ten year period at a rate of 0.02 mg m—3 y~!, and
there was also a significant increase (p < 0.05) in
the peak value of chl ¢ in the spring bloom (April).
In the larger area (A2) or the nearshore waters
(A3), this increase was not significant, perhaps due
to the high background levels of chl a and stronger
fluctuations in the nearshore waters. by,(490)

showed a non-significant declining trend during the
1997-2007 time period both for nearshore waters
(p > 0.05) and offshore waters (p > 0.5). This sug-
gests that although the phytoplankton concentration
increased over the ten year period, the concentration
of the entire particulate assemblage, as estimated
from the remotely sensed particulate backscattering
coefficient, did not change significantly over

Table 1. The linear trends of chl @, bpp(A) and y during 1997-2007."

Al A2 A3
Y a b p a b p a b p
chla 0.02 1.4776 0.0415 0.0102 2.6226 0.2891 0.005 3.2266 0.6382
bpp(490)  —0.00005 0.0122 0.3478 —0.0002 0.025 0.0785 —0.0003 0.0317 0.0706
y —0.0375 0.3926 0.0174 —-0.0279 0.1612 0.0092 —0.0228 0.0392 0.0062

“Each trend can be given as Y = aX + b, where a and b are coefficients, X is the number of years, p is the p-value in F-test.
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excluded as pixel-mixing noises at land-water zone.

the same time period. Therefore the overall
composition (proportion of phytoplankton and
non-phytoplankton particles) changed. This change
in the particulate assemblage was also depicted
by y that exhibited a significant declining trend
for both nearshore waters (p < 0.01) and offshore
waters (p < 0.05) (Figure 6¢). This pattern indicates
that the relative proportion of large particles tends
to increase compared to smaller ones from 1997 to
2007.
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Discussion

Nearshore waters are generally associated with
greater chl a and by, (490) and lower y than offshore
waters. This is in good agreement with expecta-
tions, as coastal areas are generally more productive
and the relatively high content of phytoplankton
can increase the number of larger particles in
nearshore waters. This spatial distribution pattern
of y may be partly attributable to the spatial
characteristics of size structure of phytoplankton,
as well as to the deposition of particles. In situ work
in this area show that the proportion of small-size
phytoplankton cells for the offshore waters is larger
than for the nearshore waters, and vice versa (Deng
et al., 2008); Fu et al. (2009) shows a similar spatial
pattern in size-fractionated chl a, i.e. the chl a of
larger-sized phytoplankton (>2 um) is larger for
the nearshore waters than for the offshore waters.
The non-algal particles in nearshore waters mainly
consist of the sediments from surface runoff and
the re-suspended sediments from sea bottom, and
larger particles are more likely to settle during the
transport from nearshore waters to offshore waters.

A spring phytoplankton bloom occurs in offshore
waters of the SYS, but no autumn bloom occurs.
In winter, the discharge of river flow decreases to
its lowest level (see Figure 7 for the regional land
precipitation), and mainly flows southward to the
East China Sea rather than toward the SYS due to
the prevailing northwesterly wind. Therefore, the
winter peak of by, and chl a in the nearshore are
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15t 1
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0
1.5 2 23 3 33 4

Chia mg m?

Figure 5. Distributions of spatially-averaged chl a in (a) Al and (b) A2 during the 1997-2007 time period. There is a time series of

120 points in total for each area.
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not due to river inputs, but may be due to wind-
driven resuspension. Limiting factors such as nutri-
ents, temperature, light conditions, and phytoplank-
ton species may help to explain the difference (Yang
et al., 2004). This finding may help to improve the
ecological modeling in the Yellow Sea (Hu et al.,
2004).

The observed increase in chl a for the offshore
waters of SYS during the time period 1997-2007
is not accompanied by a similar trend in by,(490).
No significant trend is observed for by,,(490), which
implies that the whole particulate pool seen by by,
does not significantly change in concentration, but
may change in composition. According to these
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Figure 7. The seasonal patterns of precipitation over the land at
the west of SYS. The data of precipitation rate were retrieved
from the satellite sensors of TMI, QuikScat; for more details
about the data, one can refer to the NASA’s website.

results one may expect that the non-algal partic-
ulate pool concentration should decrease between
1997 and 2007. The declining trend in y is in
agreement with that of chl a, which is consistent
with recent observations performed over the global
ocean (Vantrepotte et al., 2011). If it is assumed
that the suspended sediments, the major non-algal
particles in this region, have no significant inter-
annual changes in size distribution, then the changes
of y are mainly dominated by the phytoplankton
particles. The lower value of y indicates a greater
proportion of larger-size phytoplankton in particle
assemblages. A greater proportion of larger-size
phytoplankton is usually linked to higher chl a con-
centration. So, the declining trend in y provides
evidence for the increase in phytoplankton biomass.
A decreasing trend in chl a observed for the mid-
dle and low-latitude oceans from 1998 to 2006,
has been attributed to El Nifio/Southern Oscilla-
tion (ENSO) at the low-latitude zone of global open
oceans (Behrenfeld et al., 2006). Unlike the global
open oceans, the phenomenon at the SYS is most
likely related to local eutrophication (Yoo et al.,
2010).

There are many factors which may influence
the ecosystem of the SYS, e.g. the runoff from
the coastal small rivers, coastal urban sewage, the
wastewater of aquaculture, wind-induced turbu-
lence, and even the Kuroshio Current. The Yangtze
River is the biggest river close to the SYS, but it
seems that the river has no pronounced impacts
on chl a especially at the offshore waters of SYS.
Since the completion of the Three Gorges Dam in
2003, water and sediment discharges have decreased
(Yang et al., 2006), and a decrease in nutrient load-
ing was also expected. However, chl a in the central
SYS increased during this period. The low value of
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chl @ in Summer and Autumn (Figure 2) occurs at the
time of peak flux of water and nutrients during the
wet season (Summer—Autumn) of the Yangtze River
watershed. For the nearshore, the winter bloom is
not likely caused by river input during the dry sea-
son, but the autumn bloom is consistent with river
discharge in wet season (Figure 2).

Conclusions

As detected by the remotely sensed data of chl a,
the waters in the South Yellow Sea showed an in-
creasing trend in phytoplankton biomass during the
time period 1997-2007, and there was a significant
increase rate of about 0.02 mg m~3 y~! in chl a.
A significant inter-annual change in the spectral
slope of the particulate backscattering coefficient,
y, suggests an increasing trend of the proportion
of larger-particles—phytoplankton in the particle as-
semblages. This trend is opposite of the declining
trend of phytoplankton biomass in global middle-
and low-latitude waters. We think that the chloro-
phyll increase in the SYS is mostly driven by lo-
calized environmental changes, i.e. eutrophication
caused by higher nutrient inputs from land.

Two different seasonal patterns of phytoplankton
were also observed in the SYS waters: nearshore
waters are characterized by the occurrence of two
chl a peaks: one in spring (February), the other in
autumn (August). In contrast, offshore waters of the
central SYS are characterized by only one spring
bloom peak in April. These findings may help in the
understanding of the dynamics of the local aquatic
ecosystem and improve its modeling.
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