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Abstract: Phytoplankton as a key element in the marine food chain plays a vital role in marine ecosystems. In the
South China Sea, phytoplankton blooms often occur northwest of Luzon Island usually during winter,
which may have an important impact on primary productivity and regional biological carbon pump.
Located in the East Asian monsoon region, the region northwest of Luzon Island is affected by wind
stress, Kuroshio and topography with complex dynamic environment. With comprehensive analysis of
domestic and international recent studies on phytoplankton blooms in the region northwest of Luzon
Island, it is in order to explore the significant impacts of the environmental conditions including wind,
Cagayan river discharge, Kuroshio intrusion, upwelling and currents on the spatio-temporal distribution
of phytoplankton blooms. It is concluded that the winter phytoplankton bloom is likely due to upwelling
and turbulent mixing generated by the Kuroshio interaction with the topography of the Luzon Island. The
Cagayan river discharge also contributes to this occurrence, which is the largest river in the Philippines.
But the impact of the river is limited to a few kilometers from its mouth. Moreover, the northward flow
west of Luzon Island causes the center of the phytoplankton bloom to move northward. This review
outlines the impacts of environmental elements on winter phytoplankton blooms northwest of the Luzon
Island, and explores potential formation mechanisms of the blooms. Its spatio-temperal distribution
can reveal the changes of marine ecosystem indirectly and is of great significance to marine scientific
research. The researches on winter phytoplankton blooms also play a guiding role in red tide disaster
prevention, marine environmental protection research, fisheries development, to some degree. The more
detailed knowledge of the dynamic mechanisms of phytoplankton bloom phenomena contributes to
better understanding of the complex marine biogeochemical process near the Luzon Strait.
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Introduction

Marine phytoplankton is the basis of the marine food
chains and affects sea-surface carbon dioxide flux through
photosynthesis, which contributes roughly half of the
biospheres net primary production [1,2]. Marine primary
productivity plays an important role in the exchange of
carbon dioxide at the air-sea interface, global carbon
cycle and global climate change. Marine phytoplankton
biomass, commonly quantified as the concentration of
the phytoplankton pigment chlorophyll-a (Chl-a), is an
important indicator of eutrophication in marine ecosystems
[3]. Chl-a is also an important parameter for evaluating
marine water quality and for detecting marine fisheries.
With basic ecological information, its spatiotemporal
variation is closely related to many environmental factors,
such as temperature, light conditions, photosynthetically
active radiation, nutrients, wind field and current field [4-7].
Spatiotemporal variations of phytoplankton has a profound
impact on marine fisheries and global biogeochemical
cycles [8-10] and understand the phytoplankton variation
may help us to better comprehend the basic ecological
environments and their responses to global climate change
[11-13].

The South China Sea (SCS), with a total area of about
3.5 x 106 km?, is a large semi-enclosed tropical marginal
sea in the western Pacific Ocean [14]. The Luzon Strait has
a width of about 250 km and has a sill depth of about 2400
m [15]. It is the main channel between the western Pacific
Ocean and the SCS, whereas other channels are either
too shallow or too narrow for effective water transport
[16,17]. The hydrological characteristics of Luzon Strait
are complex and influenced by the general condition of the
SCS, which are in turn influenced by the Asian monsoon
system [18]. Mesoscale eddies occur frequently in the SCS
[19], while intense activities of eddies appeared also in the
region northwest of Luzon [20,21]. Upwelling caused by
the cyclonic eddies has significant effects on the vertical
transport of nutrients and distribution of phytoplankton
in the upper ocean. The upwelling regions account for
only 1% of the whole ocean, but influence of upwelling
on the ocean is far-reaching. It plays an important role in
the redistribution of marine nutrients. Chavez et al. [22]
estimated that 67% of global new productivity was provided
by the upwelling system, about 4.8 Gt C yr'. The mean
SCS primary productivity is only about 350 mg m2d! [4],
but in the vicinity of the Luzon Strait primary productivity
is over 600 mg m2d™" [23], with high surface Chl-a in
winter[ 18,23-26].

In recent years, there were a number of case studies on
the phytoplankton blooms northwest of Luzon Island. Most
of the studies examined roles of wind stress curls, mixed-
layer entrainments, coastal currents, Kuroshio intrusion in
individual winter bloom and interannual variability of the
winter blooms [2,18,23-29]. The review outlines influence
of environmental elements on the winter phytoplankton
blooms northwest of Luzon Island. By analyzing the existing
research results, this review also discusses the potential
formation mechanism of phytoplankton blooms northwest
of the Luzon Island, which may help better understanding
regional primary productivity of marine phytoplankton
systematically, providing a reference for further researches
on primary productivity of phytoplankton in this region.

Possible Environmental Factors
Regulating the Winter Phytoplankton
Blooms

The influence of wind

The SCS is predominantly controlled by the East Asian
monsoon, with strong northeasterly winds prevailing from
November to March [4]. Wind events may play an important
role in physical and biological processes of the upper ocean.
Historical researches showed that the average wind speed is
approximately 9 ms™! (~0.26 Pa) during the winter in the SCS
[30], and the highest wind speed exceeds 10 ms! northwest
of Luzon Island [29]. Chen [23] confirmed the high Chl-a
appears northwest of Luzon Island in winter using in situ
measured data. The results showed that the average Chl-a
near the Luzon Strait under the northeasterly monsoonal
winds in winter is as high as eight times of the average
Chl-a concentration in summer. It is worth noting that
there are also more mineral dusts and atmospheric nitrogen
depositions into the SCS transported by the northeasterly
wind during winter [31,32]. The research indicated that
the surface mixed layer depth northwest of Luzon Island
deepened from ~12 m in summer to more than 60 m in winter
[18]. The strong wind during the northeasterly monsoonal
wind would generally enhance stratification of upper ocean
due to sea surface cooling, intensify mixing, and increase
entrainment, and trigger high Chl-a concentration. The
wind-driven Ekman pumping as well as entrainment mixing
would also bring nutrients upward to the euphotic zone.

The influence of Kuroshio intrusion

The Kuroshio intrudes from the Philippine Sea into the
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SCS through the Luzon Strait, which is an area where strong
vertical mixing occurs due to the Kuroshio intrusion as well
as strong wind. A cyclonic mesoscale eddy is formed in the
northeast of the SCS under the winter monsoon and sea
floor topography. It leads to the shallowness of the nutricline
[4,33] to 50-70 m [34] and results in higher phytoplankton
productivity [33,35]. For example, the ratio of nitrate-
uptake-based new production to primary production is
approximately 50% in winter and 30% in summer within the
euphotic zone of the Kuroshio water [36]. The Kuroshio can
uplift the subsurface high-nutrient water to the surface and
stimulate phytoplankton growth, which is hypothesized by
Penaflor [25] and is evidenced in Guo et al. [28] study. The
winter phytoplankton blooms form frequently to the west of
the Luzon Strait [4,23-25]. The blooms are characterized by
an inverted-v shape fronts between the Kuroshio and SCS
water and the Luzon coastal current [25,28]. The blooms
are clearly separated from relatively high Chl-a in the SCS
by the Kuroshio. Previous studies indicated that winter
phytoplankton blooms were found near the Luzon Strait,
and the phytoplankton blooms in this area were related
to the mesoscale eddies caused by the Kuroshio intrusion
[26,28,35] showed that stronger Kuroshio intrusion
resulted in stronger fronts, and then intensified upwelling
and enhanced Luzon winter blooms during El Nifio years,
which provided new insights into the impact of Kuroshio on
the SCS ecosystem. Moreover, the Kuroshio intrusion and
northward current along the west Luzon also play important
role in nutrient horizontal transport. Kuroshio intrusion into
the SCS occurs almost all year round, while phytoplankton
blooms rarely occur in all seasons other than winter. It may
be due to that the winter mixing deepens the depth of mixing
layer, which provides a favorable condition of nutrient uplift
for the nutrient availability of the phytoplankton blooms.

The influence of upwelling and northward Flow

The upwelling promotes the mixed exchange of
deep water and surface water. Xue [37] showed that the
Ekman transport-induced movement of Kuroshio water
during winter monsoon generated upwelling. Zhao et al.
[2] observed a strong upwelling tendency from Ekman
pumping velocity (>1 x 10~°ms™") in the northwest of Luzon,
and conjectured that wind-induced upwelling (Ekman
pumping) and entrainment mixing may be important factors
leading to the high winter Chl-a. Wang et al. [18] also
demonstrated the winter phytoplankton bloom induced by
both Ekman pumping-driven upwelling and upper mixed
layer entrainment in the southwest of Luzon Strait. Previous

studies indicated that the upwelling was responsible for the
winter phytoplankton blooms southwest of Luzon Strait.
Winter upwelling brings nutrients from deeper layers to
the surface, thereby increasing phytoplankton reproduction
[2,18,23-25,27,35,38]. A novel finding in Gao et al. [29] is
that the advection effect of the northward background coastal
flow induces the inconsistency between the upwelling center
and winter bloom center. There exists a strong northward
coastal current west of Luzon in winter [39,40]. The
northward movement of northward coastal current west of
Luzon Island has a certain effect on the difference between
the wind-induced upwelling and locations of phytoplankton
blooms. The upwelling brings the abundant nutrients at the
bottom to the surface layer during the winter monsoon,
leading to the winter phytoplankton blooms. In addition, the
surface flow carries phytoplankton northward, causing the
phytoplankton bloom center to move northward from the
upwelling center induced by Ekman transport.

The influence of Cagayan river discharge

Although upwelling is the main factor of phytoplankton
blooms as mentioned above, it is still necessary to investigate
the possible impact of Cagayan river discharge into the
region. Another factor that may influence the phytoplankton
blooms formation in the region northwest of Luzon Island is
the nutrients coming from the Cagayan river. The Cagayan
river is the largest river in the Philippines and its flow ranges
between 180 m?/s in August and 500 m*/s in December and
the period of highflow is from October to December [26].
On some occasions, nearshore blooms are substantially
enhanced by nutrient input from the Cagayan river.
Penaflor et al. [25] firstly indicated that the Chl-a levels
were constantly high throughout the year with the potential
influences of Cagayan river discharge in the vicinity of the
northern Luzon Island coast. Results also present that the
Cagayan river influence is only limited near the northern
coast of Luzon Island within about few kilometers from the
river mouth under the influence of a Kuroshio branch. Most
previous researches have been ignored this phenomenon. In
addition, under the influence of the northeast monsoon, the
coastal water produced by Cagayan river discharge on the
north coast of Luzon Island may have been advected into the
phytoplankton blooms region. The blooming season mostly
coincides with the flooding season of the Cagayan river
[26]. The fresh water from Cagayan river discharge would
carries a large amount of terrestrial nutrients, resulting in
higher Chl-a and higher primary productivity. In addition,
weather events such as rainfall would increase the nutrients
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Figure 1: Schematic diagram of the mechanisms for the winter phytoplankton blooms.

input from the Cagayan river in the region north of Luzon
Island.

Mechanisms Driving the Winter Phytoplankton Blooms

The schematic diagrams presented in (Figure 1)
illustrate the mechanisms underlying the offshore winter
phytoplankton bloom in the region northwest of Luzon
Island. On one hand, strong winter monsoon facilitates
evaporative cooling to enhance mixing in the upper ocean.
On the other hand, the tendency of turbulence to diffuse into
the adjoining non-turbulent layer leads to the destruction of
the underlying thermocline stratification, and increases the
thickness of the mixed layer by enhancing the entrainment
[41-43]. The intensified mixing and increased entrainment
induce subsurface upwelling, which brings nutrients from
the deep sea and support the growth of phytoplankton from
the subsurface upwelled water to the upper layer [44-46]. The
phytoplankton blooms are as well as substantially enhanced
by nutrient input from the Cagayan river in the region north
of Luzon Island. In addition, weather events such as rainfall
would increase the nutrients input from the Cagayan river,
increasing the intensity of phytoplankton blooms. The
Kuroshio also plays a major role in the formation of the
winter phytoplankton Blooms. Because of the mesoscale
processes generated by the Kuroshio intrusion, and the
interaction between Kuroshio and topography, the bloom
is mainly triggered and sustained by nutrient pumping and
entrainment from deep depth in winter. Affected by the

advection effect of the geostrophic flow, the center of the
phytoplankton bloom area shifts northward.

Discussion and Conclusion

Thisreview mainly describes the impact of environmental
elements on the winter phytoplankton blooms northwest of
the Luzon Island and the potential formation mechanism
of the blooms. In summary, we attribute the blooms
based on previous studies to the winter wind, as well as
upwelling and turbulent mixing, which are generated by
the Kuroshio interaction and the Kuroshio-topography
interaction. Nutrient input from the Cagayan river may
also affect phytoplankton blooms in the north of Luzon
Island, and rainfall may deepen this phenomenon. The
advection effect of the northward background coastal flow
induces the inconsistency between the upwelling center and
winter bloom center, and the blooms center would move
northward. However, previous studies mainly focus on
the sea surface, and dynamic process of the marine three-
dimensional structure needs to be further investigated.
Due to the limitation of in situ measured data, the ocean
numerical model is a good research tool. Future researches
should pay more attention to the combination of numerical
models and observations to analyze the blooms caused by
marine mesoscale eddies and sub-mesoscale phenomena
with different three-dimensional structures near Luzon
Island.
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