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Abstract

The green tide bloomed in the south coast of the Shandong Peninsula in 2008
was simulated with ROMS (Regional Ocean Modeling System) using a
Lagrangian—particle-tracking experiment to investigate the physical process of
green tide movement. The particles representing green tide seeds were launched
in the coastal area along the Jiangsu province north of the Changjiang river
mouth, which was suggested as a source of the green tide bloom in 2008. The
simulated particle distributions are fairly consistent with the observed ones
implying that the original source of green tide is very likely located along the
coast of Jiangsu province. According to the analysis with the factors related to
the migration and bloom of the green tide, the wind forcing seems to be the
most responsible factor for the green tide appearance around Qingdao city in
2008. To check out whether this result can also be explained to the other year’s
green tide distribution, additional experiments were conducted using 2007 and
2009 wind forcing. The model results show a good agreement with the observed
green tide indicating that the southerly wind is responsible for the offshore
movement of green tide from the Jiangsu province and the easterly wind is
responsible for its extension up to the coast of the Shandong peninsula.
Through analyzing the pathway of particle trajectory, an upwelling region was
found between the Jiangsu coast where the possible source of the green tide
and western Yellow sea where the green tide massively bloomed. This area
seems to provide a favorable condition for the recent green tide bloom as a

possible nutrient supplier.

Keywords: green tide, Enteromorpha prolifera, particle-tracking experiment, wind

forcing, Yellow sea, nutrient supply, upwelling
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1. Introduction

A massive green tides (previously known as Enteromorpha prolifera, green
macroalgae, Haden et al.,, 2003; Hu et al., 2010) were appeared just weeks before
the opening of the Beijing Olympics around Qingdao coast in late June 2008.
Green tides were piled up on Qingdao coast and over 10,000 people were
accompanied to clean up and removed more than million tones of algae from the
beach and coast of Qingdao (China Ocean News, 2008b) (Fig. 1). This is the
largest green tide ever reported in the world, the most extensive translocation of
a green-tide and the first case of expansive seaweed aquaculture leading to a
green-tide (Liu., 2009; Hu et al, 2010). The initial causes were attributed to the
coastal eutrophication and the action of tides and wind in bringing the algae
ashore by the media and some scientists (China Ocean News, 2008b, c¢; Herald
Sun, Daily Mail, 2008).

Recently, Liu et al. (2009) analyzed the translocation of these green tides
using observed satellite image and modeled current data. The results suggested
that the expansion of seaweed aquaculture along the Jiangsu province which is
200 km away from Qingdao coast is a possible origin of the massive algal
bloom in 2008 around Shandong peninsula. They also pointed out that the
coastal eutrophication can not be the primary cause of green tide. Ye et al
(2008) analyzed the observed data from oceanographic comprehensive surveys
from the Subeil bank to the center of Yellow Sea during the bloom and
post-bloom periods in 2008. They also suggested that the massive green algal
bloom occurred in Yellow sea in 2008 was not originated from the coastal area
of Qingdao, but originated from between 33-34°N along the Jiangsu coast, then
drifted to the coastal area of Qingdao by seasonal wind and currents. Recently,

Hu et al. (2010) analyzed 10-year green tide distribution in the Chinese coast



using high resolution satellite images, suggesting the green tide has been
occurring not only in 2008 but almost every year from April to July.

Throughout reviewing previous studies, three fundamental questions are raised
here. Firstly, is the Jiangsu coast really original source area of recent algal
bloom? If so, what are their pathways and controlling processes? Secondly, is
the massive algal bloom in Qingdao 2008 sporadic event or having a potential to
occur again? Thirdly, during the migration of green tide from source region to
the massively bloomed area, was (were) there any possible nutrient supplier(s)?
To address these questions, three—dimensional numerical ocean model was
introduced in this study with a special focus on exploring the physical process
of the translocation of recent green tide using Largrangian particle tracking
experiment. In order to simplify the model structure, the biological and ecological
features of the green tide were neglected in this model.

The general features and conditions of numerical model are described in the
next section. Results of the simulation in 2008 with Lagrangian particle-tracking
experiment are presented in Section 3-1. They are compared with the satellite
image from Moderate Resolution Imaging Spectroradiometer (henceforth,
MODIS). The current patterns and migration process of green tide is shown in
Section 3.2. Additional experiments for the green tide movement in 2007 and
2009 are presented and analyzed in the section 3.3. Explanation of upwelling
region is made in 3.4. Possibility of reoccurrence of Qingdao event is addressed

in 3.5. Finally, discussion and conclusions are given in Section 4.



Fig. 1. Massive green tide bloom in Qingdao, late June 2008
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2. Numerical model and setup

2.1 The model

The numerical ocean model, ROMS (Regional Ocean Modeling Systems;
Shchepetkin and McWilliams, 2005), is used for this study. The ROMS is a
three dimensional, the free surface, primitive equation, finite-volume numerical
model based on the nonlinear terrain—following coordinate (s—coordinate) of Song
and Haidvogel (1994). The s-coordinate is an extension to the classical
sigma-coordinate used in the Princeton Ocean Model (Blumberg and Mellor,
1987) and is able to provide enhanced resolution at either the sea surface or sea
floor, which is a valuable feature for handling steep topography in coastal
oceans. In ROMS, the hydrostatic primitive equations for momentum are solved
using a split-explicit time-stepping scheme, in which the barotropic fast and
baroclinic slow modes are separately advanced in time. The horizontal diffusion
1s calculated using the Smagorinsky diffusion parameterization. Details of the
ROMS computational algorithms are described by Shchepetkin and McWilliams
(2005).

2.2 Model domain and setup

The model region covers the entire Yellow Sea (YS) and the East China Sea
with 1/20 degree (5km) horizontal resolution and 20 terrain-following coordinate
levels (Fig. 2). The bottom topography is extracted from the recent bathymetry
dataset made by Seo et al. (2008).

The model initialization for the spin—up is obtained from the northwestern
Pacific model (henceforth, NWP model) with 1/8° horizontal resolution (Moon et
al. 2009, personal communication). The NWP model is spun up for 17 years

with climatological temperature and salinity obtained from World Ocean Atlas



(WOA2001, Stephens et al., 2002). Atmospheric forcing is extracted from the
Comprehensive Ocean-Atmosphere Data Set (COADS) (Da Silva et al., 1994).
The COADS data consists of surface heat and freshwater fluxes, and heat flux
sensitivity to sea surface temperature. The total heat flux (@) is applied to the
surface grid level and formulated as in Barnier et al. (1995). A correction with
respect to the surface temperature, d@/dT derived from bulk formulas, is used
to introduce thermal feedback (Marchesielloetal., 2001). A river source is included
in the model to take into account the Changjiang river discharge using monthly
discharge data at Datong station. Warner et al. (2005a) have incorporated a
number of turbulence closure schemes into ROMS. In this study, we shall use
Generic Length Scale (GLS) mixing scheme developed by Umlauf and Burchard
(2003) as vertical mixing parameterization (this scheme is called gen scheme by
Warner et al. (2005a) and the background diffusivity is chosen to be 10 °m’s™.
This vertical mixing scheme successfully replicated coastal and estuary area
(Warner et al., 2005b; Banas et al., 2008; MacCready et al., 2008). The barotropic
and baroclinic time steps are set to 80s and 10s respectively. At the bottom, the
quadratic bottom friction law was applied.

Daily mean temperature, salinity and velocity of the NWP model based on
Moon et al. (2009) are used for the lateral boundary conditions. At the
boundaries, clamped conditions are introduced for the 3D velocity, temperature
and salinity. Tidal harmonics extracted from a global tide simulation (Eghert et
al., 1994, Egbert and FErofeeva, 2002) is applied as surface height and
depth—averaged velocity boundary conditions using Chapman (1985) and Flather
(1976) conditions respectively. The model was spun up with the climatology
fields for 1 model year. After 1 year of spin—up, the model was run for
additional 1 year with the Quik scatterometer
(http://www.ifremer.fr/cersat/en/data/download/gridded/mwiqgscat.htm) (hereafter,
QuickSCAT) daily wind of 2008. In order to investigate yearly variability of

algal bloom, additional experiments were conducted for 2007 and 2009 using



QUIkSCAT daily wind of 2007 and 2009 after 1-vear spin up
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2.3 Particle tracking experiments

The particles are tracked through the process that integrates 3D velocity fields
calculated from ROMS. A fourth-order Runge-Kutta scheme is used for the
integration with a model time step. As shown in Fig. 1, 75 particles per day
were continuously released at the northern region of the Changjiang river as
suggested by Liu et al. (2009), from April 20 to May 10, 2008. The released
time is based on the harvesting period of seaweed aquaculture (Liu et al., 2009;
Hu et al, 2010). All particles were released at the surface layer (top sigma
level) and they were set to migrate along the surface layer (no vertical
movement). Since the particles were set to translocate along the surface layer,

they are not influenced by the turbulent mixing during the migration process.
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3. Resulis

3.1 Comparison of the model results and satellite-observed data

Model results generally show a good agreement with the observed green tide
distribution (Fig. 3). On 20" of May, the observed green tide was found at near
34.5° N as small green patches (Fig. 3a). Below them, the dark blue color
represents the suspended sediment rich region. Both algae and sediments are
suspended in water and show higher reflectance at NDVI (Normalized Difference
Vegetation Index), which makes difficult in detecting green algae in this area
(Hu and He, 2008).

Model results show that the particles are distributed along the Jiangsu
coastline initially and then they started to move into the center of the YS. The
distribution of the green patches at 35°N is quite well simulated in the model
(Fig. 3e). Ten days later, the green patches moved into the center of the YS
and widely spread in the YS (Fig. 3b). Actually, the patch of green tide was
small on 20™ of May. Ten days later however, it had grown rapidly covering
about I,ZOOkm2 and Impacting 40,OOOkm2 (Liu et al., 2009). This is the largest
green patches ever reported based on satellite image analysis in 2008. Model
simulation shows a similar behavior with satellite images. What are main
processes controlling the generation of the massive bloom? Are these results
because of the biological characteristics or the physical environmental factors?
This answer will be addressed in section 3.3 and 3.4.

On 18" of June, these green patches are distributed along the coasts of the
Shandong peninsula, spreading into the coast of Rizhao and Qingdao city
(Fig.3c). These patches are well replicated by the model-tracked particles
(Fig.3g). Sixteen days later, on 6™ of July, these green tides moved

northeastward along the Shandong peninsula. The modeled particles moved to



the same direction as observed greentide (Figs. 3d and 3h).

From late June to early July, it is reported that a large amount of green tide
moved into the coast of Qingdao (China Ocean News, 2008) and those
distributions also are seen in satellite images. The simulated particles are not
only capturing general pattern of the green tide movement but also replicating
the location of green patches. This result clearly suggests that the northern
parts of Changjiang river, near the Jiangsu province is a possible source of the
green algae bloom in 2008 as reported in Ye et al, (2008), Liu et al., (2009) and
Hu et al., (2010).

_10_
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Fig. 3. Comparison of observed satellite image (a-d) (MODIS, NASA data
distribution system, http://ocean—color.gsfc.nasa.gov; adopted from Liu et al,
2009) and simulated green tide distribution (e~h). Gray color (e-h) denotes depth
(m). Note that simulated particles are accumulated particles released from 20" of
April to 10" of May.

_11_

Collection @ jeju



3.2 Spatial distribution of surface currents in the western V¥S.

Figs. 4a to 4e display the spatial distributions of the simulated 10-day mean
surface currents from 1% of May to 30" of June in 2008. The calculated current
pattern of the YS generally coincides with the previous result (Naimie et al.,
2001). The most prominent feature is the northward flow from north of the
Changjiang r1iver to the northern YS although it varies with its speed and
direction in region to region due to the topographic effect and local wind
distribution. In northern regions of the Changjiang river mouth, along the coast
of Jiangsu province, the current flows northwestward along the coastline until
they meet the curved coastline near 34.5°N.

Then, these currents are diverged into three currents which are directed
northwestward, northward and northeastward respectively. Firstly, the
northwestward current flows along the coastline changing its direction clockwise
near Lianyungang. Then it passes by the Qingdao coast and eventually moves
to the northern part of the YS. Secondly, the northward current is directed
almost straight forward until they encounter the Qingdao coast and then it
flows to the northern part of the YS and finally merges with the first current.
Lastly, northeastward current flows northward until it meets sloping bottom
where the depth is deeper than 30 m and then turns anti—cyclonically.
Sometimes this current becomes strong and flows eastward or southeastward
even though the wind direction is almost opposite (Fig. 4b and 4c). This is
because the tidal residual current flowing southeastward at the sloping bottom
as discussed by Lee and Beardsely (1999) is strong enough to overcome the

wind-induced current (Fig. 4f).
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3.3 Migration process of green tide

From 20" to 30" of May, the green patches expanded significantly (Fig. 3a
and 3b). This suggests that the environmental conditions were favorable for
their rapid growth. Previous researches on eight marine algal species associated
with the green tide have been reported that ocean temperature plays a crucial
role on controlling their growth. These species included Enteromorpha and Ulva
which are closely related to Enteromorpha prolifera, dominant species of green
tide bloom in 2008 (Liu et al, 2009). The optimal temperature ranges for the
growth of the green tide are between 15°C and 20°C (Taylor et al, 2001, Largo
et al, 2004). Monthly sea surface temperature (SST) from averaged daily
microwave optimally interpolated data
(http://www.ssmi.com/sst/microwave_oi_sst_browse.html) reveals that the
temperature ranged from 13 to 16°C in May and from 16 to 20°C in June during
the growth and movement period of green patches (Figs. 5¢ and 5g). This
implies that the temperature in 2008 was optimum for their growth. Thus, the
SST is thought to be responsible factor for the green tide bloom in 2008.
However, the SST distributions in other years including the Advanced Very
High Resolution Radiometer (hereafter, AVHRR) climatology (Casey and
Cornillon, 1999) show that the temperature in 2008 was not the only optimal
year for the green tide bloom (Figs. ba, bh, 5d, Be, 5f and 5Sh). In other words,
the SST between May and June is the suitable for the green tide bloom in
every vyear. However, the SST distributions in other years including the
Advanced Very High Resolution Radiometer (hereafter, AVHRR) climatology
(Casey and Cornillon, 1999) show that the temperature in 2008 was not the only
optimal year for the green tide bloom (Figs. ba, 5b, 5d, 5e, 5f and 5h). In other
words, the SST between May and June is the suitable for the green tide bloom
in every year.

Fig. 6 compares every 10-day mean QuikSCAT wind field from 1% of May to
30" of June for 2007, 2008 and 2009. In May 2008, the wind direction around

_14_



Jiangsu province and Shandong peninsula exhibits almost same direction while
its direction in 2007 and 2009 varies time to time (Figs. 6a, 6b and 6¢). In June
2007 and 2008, the wind near Shandong peninsula in 2008 blew strongly
westward while wind in 2009 was northward (Figs. 6d, 6e and 6f).

To investigate the effect of the different wind distribution on the migration of
green tides, additional experiments for 2007 and 2009 were carried out using
QuikSCAT wind field. Here, all conditions are the same as in 2008 except using
2007 and 2008 wind forcing. Figs. 7b and 7d as well as Figs. 7f and 7h compare
the modeled particle distributions with satellite images, revealing that the model
simulations are in good agreement with the observation. Here, since satellite
images can be obtained at only cloud-free condition, the comparisons between
model and satellite images are made at different time each year. However, the
comparisons of particle distributions among 2007, 2008 and 2009 are made at the
same time, 30" of May (Fig. 3f, Fig. 7a, Fig. 7e) and 6™ of July (Fig. 3g, Fig.
7c, Fig. Tg).

From these figures, it is seen that the movements of particles were different
each year. In 2007, although the particles were transported offshore from Jiangsu
coast to the YS during 20" to 30™ of May while in 2009 the particles stayed
near the Jiangsu coast. These distributions can be explained with the wind
pattern. From 11™ to 20" of May in 2007, the wind direction is northeastward
along the Jiangsu coast which makes the particles migrate same direction as the
wind is, whereas the wind direction during the same period in 2009 is westward
with fairly small magnitude leading to westward movement of particles. During
the next ten days, the wind direction in 2007 is changed from northeastward to
northwestward and the particles directed to the center of the YS.

The wind pattern during the same period in 2009, directed southward with a
low speed and this prevents the particles from migrating northward. In June
2007, the wind direction is almost the same as in 2008 and this wind pattern

possibly contributed for the particle migrating to the Shandong peninsula and
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eventually shows similar but less scattered distribution than those of 2008.
These results also confirmed that there were blooms in Qingdao city in July
2007 (China Ocean News, 2007; Hu et al, 2010). On the other hand, both
observed green patches and model tracked particles in 2009 were transported
offshore to the center of the YS. This is because the wind direction in June
2009 is farther northward or northeastward than in 2008, which is enable to
move the particles northeastward or eastward.

In 2007 and 2009, the observed green patches are distributed in the middle
between coast of Jiangsu province and Qingdao, though the distributions in 2009
show wider than those of 2007. By contrast, the observed green patches in 2008
are much widely distributed and located closer to the coast of Qingdao (Fig. 3c).
The calculated particles also show a similar pattern (Fig. 3g). Finally this
distribution of green patches lead to a massive bloom in Qingdao coast after
next ten days. Therefore these results demonstrate that the wind pattern plays a
key role controlling the movement of green tide in each year.

In order to analyze the detailed process of particle movement, one particle
which represents an average pathway of each vear’s total particle movement
was chosen and tracked for the study period (Fig. 8). Among three years, all
the selected particles move northward until they encounter the sloping side. And
then both 2007 and 2008 show similar route migrating northward while the
particle track in 2009 shows northeastward movement. With selected particles,
zonal and meridional translocation distances were calculated during their
migration and they were compared with the wind stress component at each of
their translocation point (Figs. 9-11). In the inner shelf where the water depth
1s shallow and friction is large, the current responds almost instantaneously to
local wind stress (Figs. 9-11, yellow shade hoxes). As a result, particles move
in the same direction as the wind until they reach the sloping bottom. When
they reached the sloping bottom where the depth is deep enough to be affected

by the Ekman flow (Figs. 9¢, 10c and 1lc), their translocation distances still do
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not proportionally increase/decrease with respect to the increasing/decreasing
magnitude of the each wind component (Figs. 9-11, blue shade boxes). This is
because the tidal residual current discussed in section 3.2 is dominant in this
region. After the particles passed the sloping area (side) (Figs. 9-11, red shade
boxes), their migration process is effected by wind (the Ekman flow).
Throughout analyzing the particle tracking information, one can see that the
current in the study region is affected by various factors such as the Ekman
flow, topographic effect and tidal rectification flow. Although there are various
factors which are affecting the particles’ migration process, the wind forcing
plays a crucial role to determine each year’s particle distribution. It is also
noteworthy that the sea surface temperature is showing some variations during

their migration. And it will be discussed in detail by following sectiorn.
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data from microwave optimal interpolated data
(http://www.ssmi.com/sst/microwave_oi_sst_browse.ht
ml).
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Fig. 7. Distributions of accumulated model particles during 20" of May to 6™ of
July in 2007 (a, b, c), 2009 (e, f, g). Gray color (a—c, e-g) denotes
depth(m). Observed greenpatches also plotted in 2007 (d) and 2009 (h)

for comparison.
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3.4 Nutrient supply by upwelling

The temperature along the particle track (Figs. 9c, 10c and 1lc) tends to
Increase as time goes on mainly due to the increasing heat transfer from the
atmosphere, satisfying which allows to reach the optimal temperature for
growth and germination of the green tide. During the life span of each particle,
an interesting feature was found when it migrated to the sloping bottom (Figs.
9¢, 10c and 1llc, blue shading boxes). The temperature suddenly dropped at the
sloping bottom and increased again as it migrated farther. Considering the wind
stress, it does not seem to relate with the wind induced mixing (Figs. 9-11).

A possible reason to produce this type of cooling is upwelling which seems to
be caused by the tidal forcing. Lu et al. (2009) reported the upwelling
mechanism in the YS. They suggested that there are two processes which
generate surface cold patch. First, tidal mixing front induces the upwelling
which supplies cold water from the deep layer to the surface. Second, tidal
mixing itself can stir the bottom water upward and homogenize the water
column vertically resulting in the surface cooling. In their numerical model, the
upwelling region was located between the Jiangsu coast and the western YS
(See Lu et al, 2009, Fig. 9a). In our model, we also found strong upward
vertical velocity at the same place on 26™ of May in 2008 (Fig.12). Although
this upwelling was not enough strong to destroy the thermocline, it implies that
the upwelling works as a possible nutrient supplier for the green tide bloom. As
we discussed in 3.3, the SST was not the crucial factor for the largest green
tide expansion hetween 20" and 30™ of May in 2008. Here, the nutrient supply
by upwelling during the largest bloom period can explain the expansion of the
green patches.

Zhu and Ivensen (1990) and Zhou et al. (2008) suggested that there is an
anchovy rich region around 120-121°E longitude and 35°N latitude implying this
area is a nutrient rich region (Fig. 13). Their researches also support our

hypothesis that this upwelling is an important nutrient source for the green tide
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bloom. The generation of the cooling induced by upwelling occurs only when it
is before/after the spring tide and there is a stratification in the ocean.
Therefore, it is not easy to get a satellite image which satisfy both conditions
with cloud free. A clear SST image which is taken from NOAA AVHRR on
23" of July in 1997 supports that this area is an upwelling region (Fig.14). Note
that this cooling seems to be caused by the spring tide (Moon's age 19 day).
Here the tracked particles in each year were also plotted in the SST image. All
the particles passed this region implying that the green tide from 2007 to 2009
passed this upwelling region and thus they were able to be massively bloomed.

Liu et al. (2009) insisted that the nutrient supply was not the primary cause
of the green tide bloom in 2008. They explained it by comparing the nitrogen
content in the green tide and the possible nitrogen amount of human produced
sewage in the coastal area. Hu et al. (2010) also pointed out that the nutrients
and other pollutants discharged from local rivers to the YS did not show any
apparent increase in 2008 analyzing the several major pollutants from Sheyang
river and annual statistics of pollution level index in the YS. The previous
studies are more focused on the supply of pollutants from human sewage to the
river or the entire YS. Our findings for the nutrient supplying region suggest
that the local upwelling also need to be considered as a possible nutrient

supplier which is likely to make the green tide expand.
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3.5 Possibility of reoccurrence

The green tide had massively bloomed around Qingdao only in 2008 and it is
thought to be one of the largest bloom in recorded history (Hu and He, 2008).
Although the green tide was also observed in Qingdao 2007, it was negligibly
small compare with 2008. As we discussed above, the wind is the most
important factor for the distribution of the green tide. Then, how was the wind
pattern in 2008 compare with other years? To address this question, we had
made long term (from 1980 to 2009) wind vector analysis in the study region
(Fig. 15).

In May 2008, the wind direction is northwestward with over 2 ms . Since the
southerly wind in May is responsible for the northward migration of the green
tide, southerly wind with over 2 ms ' were chosen for the last 30 yvears. There
were about 6 more (1980, 1982, 1990, 1995, 2001, 2007) southerly winds which is
larger than 2 ms . In June 2008, the wind direction is westward with over 2
ms ' and westward wind were 4 (1985, 1999, 2002, 2007) during the past 30
vears. Only 2007 is the unique year that shows similar wind pattern satisfying
both months as the wind in 2008. In other words, the wind in 2008 seems to be

particular. Therefore, there is low potential that the Qingdao event will occur.
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4. Discussion and conclusion

The present research was conducted to find out the migration process of
green tide between 2007 and 2009 using a Lagrangian particle-tracking
experiment. 75 particles per day were continuously released in the coast of
Jiangsu province where the possible source of the green tide from 25% of April
to 10™ of May in 2008. Although the particles in the model were not considered
the biological process such as germination, sinking and decaying, the model
result was well simulated the observed green patches distribution suggesting
some important features.

Simulated particle transporting in 2008 and other years represent that the
Jiangsu coast is the strong possible source region. This region seems to be
responsible for the recent green tide boom as suggested by Ye et al. (2008), Liu
et al. (2009), and Hu et al. (2010).

Wind forcing plays a role in determining the spatial and temporal distributions
of the green tide. In 2008 south-easterly wind in May is responsible for the
offshore movement of the green tide and easterly wind in June plays a critical
role for the green patches to migrate to the Qingdao coast. Throughout long
term wind vector analysis, we found that the Qingdao event is caused by
particular wind pattern. Therefore, there are low potentials for the Qingdao
event occur again in the future.

Analysis of the horizontal monthly SST revealed that the temperature between
May and June is in the optimum temperature range for the growth and
germination of the green tide. Therefore the ocean temperature which was
previously known to be the crucial factor for the green tide bloom is not a main
cause of the recent green tide bloom.

An upwelling region between the Subei bank and the center of the YS seems

to provide a favorable condition for the green tide bloom as a possible nutrient

_32_



supplier. Tidally induced upwelling is bringing the nutrient to the sea surface
and this process 1s well activated when it is near the spring tide. Therefore, if
the green tide migrates up to this region near the spring tide, it is believed that

the green tide may massively bloom.

In this paper, we elucidated the observed green patches using a 3D numerical
model in order to find out the original source of the recent algal bloom, possible
nutrient supplier and its migration process. The particle tracking analysis shows
wind and tidal forcing are likely to be essential not only understanding and
predicting the spatial and temporal variations in distribution of green patches but
also finding a possible nutrient source area. The analysis also suggests that
under favorable oceanographic conditions such as current, nutrient, SST and
wind, these green-tides may transport again to the Shandong peninsula, near

Qingdao city in future years.
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