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Abstract

Algal blooms occur frequently in the coastal waters of the western South China Sea (SCS). This paper reports spatial and temporal variations
of algal bloom events in these waters from 1993 to 2007. Twenty-five algal bloom events occurred in summer in the coastal waters of South and
Central Vietnam where they were associated with wind-induced, coastal, nutrient upwelling and river discharges; a further eight events occurred
in the coastal waters of North Vietnam. A greater number of algal bloom events were observed in 1999 and 2002, and were accompanied by
several previously unobserved species for the study period. These events may be related to the El Nifio events of 1998 and 2002. Furthermore,
the bloom-causative species Trichodesmium erythraeum (Cyanophyta) entirely dominated the phytoplankton community of algal blooms during
1993—1999 whereas the species Phaeocystis globosa (Haptophyta) dominated blooms after 2002. This study establishes a basis for further long-
term research of algal bloom event variations, and provides a compiled scientific reference that may be used for later prediction of Harmful algal
blooms (HABs).
© 2012 International Association for Hydro-environment Engineering and Research, Asia Pacific Division. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

During the latter part of the twentieth century and the
beginning of the twenty-first century, the occurrence of algal
blooms has generally increased in global coastal waters
(Glibert et al., 2005) and specifically in the coastal waters of
the western South China Sea (SCS). In coastal waters of Binh
Thuan Province (BTP), blooms of Phaeocystis globosa have
been recorded in 2002 and between 2005 and 2008.

Knowing the conditions that may have caused past algal
blooms may help in predicting future events. For example, an
extensive spatial and temporal study of blooms occurring in
2007—2008 connected their development with changes in
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plankton communities and nutrient stoichiometry (Doan-Nhu
et al.,, 2010). It would be advantageous to be able to use
remote sensing to detect these changing conditions to predict
and/or detect algal blooms within large areas (Cullen et al.,
1997) Combining past reports of the distribution patterns of
algal bloom events and concurrent satellite information could
refine the mapping of HABs from remotely sensed data (Dien
et al., 2003; Tang et al., 2003, 2004a, 2004b). Therefore, we
present spatial and temporal variations of algal bloom events
with relevant remotely sensed data.

2. Study area and data
2.1. Study area

The study area was in the coastal waters of the western SCS
(Fig. 1A, red box in Fig. 1B), within which the Vietnamese
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Fig. 1. (A) Geographical location of coastal waters of the western South China
Sea (SCS). HPC, Hai Phong City; NAP, Nghe An Province; QNP, Quang Ngai
Province; KHP, Khanh Hoa Province; NTP, Ninh Thuan Province; BTP, Binh
Thuan Province; KGP, Kien Giang Province; MR, Mekong River mouth. (B)
The location of our study area in the western SCS (Rectangular box).

marine waters, bordering a long coastline, merge with the
SCS. The seasonally reversing monsoon wind of this East
Asian monsoon region affects the local hydrology (Pan et al.,
2002); the southwest (summer) monsoon lasts from June to
September, while the stronger northeast (winter) monsoon
occurs from November to March and is known to vary with the
Southern Oscillation Index (Zhang et al., 1997).

2.2. Data

2.2.1. Algal blooms data collection and analysis

Official records of algal bloom events may be incomplete
but we compiled a total of 33 historical algal bloom events
occurring between 1993 and 2007 (Table 1), from various
sources including symposia reports, research journals, Chinese
and Vietnamese government statistics and other public data
sources. Reported algal bloom events often give no exact
record of the size of the affected area. Therefore, we consid-
ered only the occurrence within a broad region, the seasonal
frequency, and the causative species of the algal blooms.

2.2.2. SeaWiFS-derived Chl-a

The Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
derived Chl-a images, with 1 x 1 km? monthly and seasonal
spatial resolution, were processed with the SeaWiFS Data
Analysis System (SeaDAS) using the Ocean Color 4-band

algorithm (O’Reilly et al., 1998). The SeaWiFS Chlorophyll
a Algorithms were used to validate with in sifu data in SCS.
For Chl-a between 0.1 and 10 mg m >, SeaWiF$S agreed well
with in situ data (Zhang et al., 2006; Pan et al., 2010). In the
study, to investigate the temporal variation of Chl-a, we pro-
cessed a series of monthly and seasonally averaged Chl-
a images for the study area.

3. Results
3.1. Spatial distribution of algal blooms

The spatial distribution of algal bloom events varied
considerably among the sampling sites from 1993 to 2007
(Fig. 2 and Table 1). Among the seven regions where the algal
bloom events occurred, the highest frequency, with nine
events, was found in the coastal waters of BTP. The second
most frequent occurrence, with seven events, was observed in
the coastal waters of NTP and Hai Phong City (HPC). The
least frequent, with just one event, was observed in the coastal
waters of Nghe An Province (NAP). In general, most algal
bloom events (25) occurred in the coastal waters of South and
Central Vietnam, where algal blooms have been reported in
many previous studies (Nguyen et al., 1997; Nguyen, 1999;
Tang et al., 2004b), while fewer events (eight) occurred in the
coastal waters of North Vietnam. During the period of
1993—1999, the algal bloom events mainly occurred in the
coastal waters of BTP in the South and Central Vietnamese
region and those of HPC in the North Vietnamese region
(Fig. 3A). This contrasts with the years 2002—2007, when
many algal blooms were observed in the coastal waters of NTP
in the South Central Vietnamese region (Fig. 3B).

Furthermore, the occurrence of algal bloom events had
different seasonal distributions regionally (Fig. 3A and B). In
the coastal waters of North Vietnam, algal bloom events were
recorded throughout the year. However, in the coastal waters
of South Central Vietnam, the algal bloom events were mainly
observed during the March to July period with the exception of
the coastal waters of Kien Giang Province (KGP).

3.2. Yearly variation of algal blooms

Not every year had reported sightings of algal blooms
(Fig. 4). The most frequent annual algal bloom occurrences
(nine events) were in 1999 and 2002, and these occurrences
accounted for more than half of all the events recorded in the
study period. Notably, algal bloom events were not observed
in the intervening years of 2000 and 2001.

3.3. Seasonal variation of algal blooms and chl-a

The algal bloom events were observed in every month
except in October (Fig. SA). The highest monthly frequency
(nine events) occurred in July, and the second highest (six
events) in March. Among the nine algal blooms that occurred
in 1999, one event occurred in March in each of the coastal
waters of BTP, NTP and Quang Ngai Province (QNP) while
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Table 1

Algal bloom events during 1993—2007.

Event Year Month Location Species Phylum

1 1993 March Binh Thuan Province Trichodesmium erythraeum Cyanophyta
2 1995 February Khanh Hoa Province Noctiluca scintillans Dinophyta

3 1995 February Khanh Hoa Province Noctiluca scintillans Bacillariophyta
4 1995 May Binh Thuan Province Trichodesmium erythraeum Cyanophyta
5 1996 March Binh Thuan Province Trichodesmium erythraeum Cyanophyta
6 1996 March Khanh Hoa Province Noctiluca scintillans Dinophyta

7 1996 April Binh Thuan Province Trichodesmium erythraeum Dinophyta

8 1996 May Binh Thuan Province Trichodesmium erythraeum Dinophyta

9 1996 June Binh Thuan Province Trichodesmium erythraeum Haptophytes
10 1996 July Binh Thuan Province Trichodesmium erythraeum Dinophyta
11 1998 July Hai Pong City Skeletonema costatum Xanthophyta
12 1999 January Hai Pong City Skeletonema costatum Xanthophyta
13 1999 March Binh Thuan Province Trichodesmium erythraeum Trichodesmium thiebautii Cyanophyta
14 1999 March Ninh Thuan Province Trichodesmium erythraeum; Trichodesmium thiebautii Cyanophyta
15 1999 March Quang Ninh Province Dinophysis caudata Dinophyta
16 1999 May Hai Pong City Prorocentrum minimum Dinophyta
17 1999 May Quang Ninh Province Prorocentrum minimum Dinophyta
18 1999 July Hai Pong City Skeletonema costatum Xanthophyta
19 1999 November Hai Pong City Guinardia delicat ula

20 1999 December Hai Pong City Prorocentrum minimum Dinophyta
21 2002 January Hai Pong City Prorocentrum minimum Dinophyta
22 2002 June Ninh Thuan Province Phaeocystis globosa Haptophyta
23 2002 July Binh Thuan Province Phaeocystis globosa Haptophyta
24 2002 July Nghe An Province Ceratium furca Dinophyta
25 2002 July Quang Ninh Province Ceratium furca Dinophyta
26 2002 July Khanh Hoa Province Heterosigma sp Xanthophyta
27 2002 July Ninh Thuan Province Phaeocystis globosa Haptophyta
28 2002 July Ninh Thuan Province Phaeocystis globosa Haptophyta
29 2002 December Kien Giang Province Microcystis sp Cyanophyta
30 2003 August Kien Giang Province Microcystis sp Cyanophyta
31 2005 August Ninh Thuan Province Phaeocystis globosa Haptophyta
32 2006 August Ninh Thuan Province Phaeocystis globosa Haptophyta
33 2007 September Ninh Thuan Province Phaeocystis globosa Haptophyta

Sources: Doan et al. (2002), Nguyen and Doan (1996), Nguyen (1999), Nguyen et al., (2003), Tang et al., (2004a), Wang et al., (2008).

one event occurred in May in the waters of HPC and QNP. The
remaining four events occurred in January, July, November,
and December, and all occurred in the coastal waters of HPC.
In 2002, when nine algal bloom events were also observed,
five individual events occurred in July in the coastal waters of
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Fig. 2. Algal blooms frequencies for different regions during the entire period
from 1993 to 2007, and during the years 1999 and 2002 separately. NV, North
Vietnam (consisting of Hai Phong City (HPC) and Nghe An Province (NAP));
SCV, South Central Vietnam (consisting of the provinces of Quang Ngai
(QNP), Khanh Hoa (KHP), Ninh Thuan (NTP), Binh Thuan (BTP) and Kien
Giang (KGP)).

BTP, NAP, QNP, Khanh Hoa Province (KHP), and NTP, while
one was noted in January (HPC), one in June (NTP), and one
in December (KGP).

Monthly averaged SeaWiFS Chl-a images (Fig. 6) revealed
significant associations with the reported bloom data (Table 1).
For example, high Chl-a concentrations are notable for March,
1999, in the coastal waters of BTP, NTP and QNP (Fig. 6A) in
which waters blooms had been reported for that time (Table 1).
Similarly, the image for May, 1999, shows relatively higher
Chl-a concentrations in the coastal waters of HPC and QNP
(Fig. 6B) coinciding with reported blooms (Table 1). Simi-
larly, in July and December, 1999, the higher Chl-
a concentrations in the waters of HPC corresponded to two
observed blooms and in July, 2002, high Chl-a concentrations
in the waters of BTP, KHP and NTP coincide with the time
and places of observed HAB occurrences.

Seasonally, occurrences of the 33 algal blooms (Fig. 5B)
were more likely in summer (14) (June to August), and then
spring (11) (March to May), winter (6) (December to
February) and autumn (2) (September to November). Images
of seasonally averaged Chl-a concentrations for 1999 and
2002 (Fig. 7) showed obvious seasonal variations in the
western SCS. In the summer, bands of high concentrations of
Chl-a are evident that occurred parallel to the coastline and
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Fig. 3. (A) Monthly frequency of algal bloom events for the various coastal regions during 1993—1999 (Each map symbol represents one algal blooms event); (B)
Monthly frequency of algal blooms events for the various coastal regions during 2002—2007 (Each map symbol represents one algal bloom event). HPC, Hai
Phong City; NAP, Nghe An Province; QNP, Quang Ngai Province; KHP, Khanh Hoa Province; NTP, Ninh Thuan Province; BTP, Binh Thuan Province; KGP, Kien

Giang Province.

projected into the open sea, within a range of 200 km, near the
coastal waters of BTP to NTP (red arrow in Fig. 7B and F).
These projected bands had largely dissipated in the autumn
and were undetectable in the spring. In addition, Chl-
a concentrations in the summer of 1999 (Fig. 7B) were
lower than those in 2002 (Fig. 7F).
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Fig. 4. Annual variation in the number of algal bloom occurences and in Sea
Surface Temperature (SST) along the Vietnamese coast for the period of
1993—2007.

3.4. Species changes

During the study period, a total of 11 algal species were
reported (Table 1). Several new species, those that had not
previously been observed in the study area, occurred in 1999
and 2002, and relatively few new species were observed in
other years. From 1993 to 1999, Trichodesmium erythraeum
was the most frequently occurring bloom species, dominating
40% of the algal bloom events. However, the nature of the
bloom species changed in the subsequent years. None of the
algal bloom species reported in the earlier events were
observed and, thus, the blooms occurring since 2002 were all
caused by newly observed species. More importantly, P. glo-
bosa had become the principal bloom-causative species,
dominating 54% of the blooms during 2002—2007.

4. Discussion
4.1. Nutrients
Our results indicated that algal blooms occurred frequently

in the coastal waters of South and Central Vietnam in spring
and summer (Table 1 and Fig. 5B). Nutrients were the primary
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factor that determined the growth of phytoplankton, since
solar radiation, light penetration, and sea water temperatures
were not limiting factors in the western SCS (Tang et al.,
2003). Tang et al. (2004b) reported an extensive P. globosa
bloom lasting for 6 weeks in the coastal waters of BTP in July
2002 and concluded that the algal bloom was supported by the
process of the upwelling of nutrients that was caused by the
southwesterly winds in the study area. This wind-induced
upwelling transported nutrients from lower water layers to
the surface layers, as well as from coastal waters to the open
sea, inducing an increase in phytoplankton biomass and thus
accounting for the higher algal bloom event frequency.

River discharges can be another important factor respon-
sible for the frequent occurrence of algal blooms due to
eutrophication. The location of BTP faced the open sea and
was 200 km from the Mekong River mouth. The high nutrients
discharge associated with this river results in increased nitrate
and ammonium concentrations along the coast (Zhu et al.,
2003) and enhanced biological activity. These factors cause
higher phytoplankton biomass around the discharge area (Tang
et al., 2004a). The nutrients discharged from the river would
be expected to be rapidly diluted as the river water mixed with
sea water, and thus the effect of the river discharge diminishes
with the distance along the coastline.

4.2. Sea surface temperature

More algal bloom events occurred in 1999 and 2002
(Fig. 4) compared with relatively fewer events in the other
years of our study period. Fig. 4 shows that there was a clear
SST spike in 1998, which lasted for more months than in other
years, with a maximum value of about 31 °C, followed by
a significant fall in SST in 1999. We attributed this phenom-
enon to the strong El Nifio event, which occurred from April,
1997, to June, 1998. Similarly, the monthly averaged SSTs of
2002 became a little higher than the climatologic mean due to
the impact of the moderate 2002—2003 El Nifio event.
Although the SST’s of 1999 and 2002 were slightly elevated
when compared with some of the other proximal years, this
does not appear to make them atypical. Therefore, we can
conclude that SST alone is not a dominant causative factor in
producing algal bloom events. It is possible that there are
complex interactions between SST and other environmental
factors but we were unable to identify them from our limited
dataset.

4.3. Seasonal characteristics

In the western SCS coastal waters, the largest number of
HAB events in the study period occurred in March and July
(Fig. 5A), and HAB were also very frequent in the seasons
between these two months (Fig. 5B). In March, the tempera-
ture was 16—28 °C. During this month, the rainy season
begins, the wind velocity generally becomes weaker and the
air pressure becomes lower (Qi et al., 2004). This is a conse-
quence of the northeast monsoon begins to change to the
southwest monsoon, which is also associated with the gradual
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Fig. 5. (A) Monthly variation in the number of algal bloom occurrences during
the entire period from 1993 to 2007, and during the years 1999 and 2002
separately. (B) Seasonal variation in the number algal bloom occurrences
during the entire period from 1993 to 2007, and during the years 1999 and
2002 separately.

rise in temperatures (Wang et al., 2008). These conditions are
ideal for phytoplankton growth. Therefore, we conclude that
these ideal conditions resulted in the higher frequencies of
algal bloom events observed in March.

During the summer season, the strong southwest monsoon
winds begin to prevail and get stronger in July, coinciding with
anticyclonic circulation leading to an upwelling plume. When
this Ekman transport induced strong upwelling (Tang et al.,
2004a), which delivered inorganic nutrients and subsurface
phytoplankton to the surface waters thus creating favorable
conditions for phytoplankton blooms (Tang et al., 2004b), the
July and summer blooms occurred.

4.4. Changes of bloom species

Significant changes in bloom species occurred in the study
period. From 1993 to 1999, the bloom was dominated by T.
erythraeum. However, from 2002, the principal species was P.
globosa. Phytoplankton life cycles, physiology and various
environmental parameters would influence the blooming of
a specific species (Yamamoto et al., 2002). The blooms of T.
erythraeum are particularly abundant in tropical oligotrophic
surface waters (Lugomela et al., 2002). In our study area,
a possible effect of the El Nifio event in 1998 was to diminish
upwelling in 1999, which induced the low nutrients conditions
of the surface waters in which T. erythraeum flourishes. At the
beginning of the more moderate 2002 El Nifio event, it is
possible the upwelling close to the NTP waters was still
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intensive, which transported the nutrients from the lower to the
surface water layers that created eutrophic surface water
conditions. The 7. erythraeum species, well-adapted to
oligotrophic conditions, therefore ceased to be observed in our
study area and the P. globosa species, well-adapted to eutro-
phic conditions, appeared in these waters. In addition, P.
globosa, being a flagellated unicellular species, may have had
a better capability for reproduction, thus enhancing its
capacity to rapidly dominate the later blooms.

5. Conclusions

This study showed that the spatial and temporal variations
in algal blooms in the coastal waters of the western SCS
during the study period were influenced by river water and
wind-induced, upwelling sources. The major findings are
summarized as follows:

1. Large temporal variations and regional species distribu-
tions were the most obvious characteristics of the algal
bloom events occurring in the coastal waters of the
western SCS. Most algal blooms occurred in the waters of
South Central Vietnam in the summer, which was asso-
ciated with wind-induced, coastal, nutrient upwelling.

2. July had the largest frequency of monthly algal bloom
occurrences, which were induced by the southwest
(summer) monsoon. March also had a large number of
algal bloom events, which were mainly affected by the
northeast (winter) monsoon.

3. There were two years of peak algal bloom occurrence in
1999 and 2002. The cause of this increase in algal bloom
event intensity has yet to be definitively determined.
However, several hypotheses may be advanced: e.g.,
decreases in nutrients loading from upwelling and/or an
increase of sea surface temperature, which may have been
affected by the 1998 and 2002 El Nifio events of differing
degrees.

4. The species T. erythraeum (Cyanophyta) dominated the
phytoplankton community of algal blooms during
1993—1999, whereas the species P. globosa (Haptophytes)
dominated blooms after 2002.

This study should provide a basis for further research on the
long-term variability of algal blooms, and a scientific refer-
ence with which to assist in the prediction of HABs.
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