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Abstract

Harmful algal blooms (HABs) are truly global marine phenomena of increasing significance. Some HAB occurrences are different

to observe because of their high spatial and temporal variability and their advection, once formed, by surface currents. A serious

HAB occurred in the Bohai Sea during autumn 1998, causing the largest fisheries economic loss. The present study analyzes the

formation, distribution, and advection of HAB using satellite SeaWiFS ocean color data and other oceanographic data. The results

show that the bloom originated in the western coastal waters of the Bohai Sea in early September, and developed southeastward

when sea surface temperature (SST) increased to 25–26 �C. The bloom with a high Chl-a concentration (6.5 mg m�3) in center

portion covered an area of 60 · 65 km2. At the end of September, the bloom decayed when SST decreased to 22–23 �C. The

HAB may have been initiated by a combination of the river discharge nutrients in the west coastal waters and the increase of

SST; afterwards it may have been transported eastward by the local circulation that was enhanced by northwesterly winds in late

September and early October.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Harmful algal blooms (HABs) are regarded as one of
serious marine disasters throughout the world. Some

HABs can produce toxins that accumulate in shellfish

and fish, which are unsuitable for human consumption.

The toxins in some HABs do not threaten human

health, but do harm marine organisms such as fish.

Other HAB species are not toxic, but they may cause

marine organisms to die due to mechanical damage to

gills or due to depletion of dissolved oxygen in water.
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The nature and extent of the problems associated with

HABs have become more prominent over the last sev-

eral decades. However, it is difficult to quantify such
outbreaks in order to document trends since there are

so many different types of blooms with so many different

effects (Anderson, 1989). High spatial and temporal var-

iability of algal blooms make it difficult to monitor

HABs by ship surveys alone. Insufficient oceanographic

studies have limited our understanding of HABs.

The numbers of HAB events are recently found to be

increasing in Chinese coastal waters in recent years.
During autumn 1998, the largest HAB events were ob-

served in the Bohai Sea (Figs. 1(A) and (C)) by water

monitoring and aerial-photography in the northeastern

waters of China; the HABs affected a large area of up

to 8000 km2 and caused the biggest economic loss in
ved.
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Fig. 1. (A) Location of HAB in the Bohai Sea in September 1998 (Redrawn from SOAC, 2003). Four rivers are identified and marked with white

arrows: LiR: Liaohe River; LuR: Luanhe River; HaR: Haihe River; YeR: Yellow River. (B) The location of the Bohai Sea (small box BH). (C) HAB

in Bohai Sea in September 1998 (Photographed by Fu, WC).
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fisheries that has been recorded in the Bohai Sea, by kill-

ing fish and damaging aquaculture (NMDIS, 1998).
During September–October, 1998, HABs covered an

area more than 5000 km2 in the northern Bohai Sea

(HAB in Fig. 1(A); Hui, 2002), causing an economic loss

of 12 million RMB (SOAC, 2001); During September

18–October 15, 1998, in the Bohai Sea, HABs covered

an area of 5000 km2 area caused an economic loss of

500 million RMB (EQB, 2000). During September 18–

30, 1998, HAB was found to cover an area of 3000
km2 in the Jinzhou Bay (NMDIS, 1998); On October

3, 1998, a large area of HABs (800 km2) was observed

in the Bohai Bay (NMDIS, 1998). Zhao et al. (2000)

have reported HAB that lasted about two months from

August 14 to October 19 in the Bohai Bay. We have

found that some of these HAB events in the Bohai Sea

are caused by the same algae species, Ceratium furca.

Due to limited studies, it was not possible to understand
the formation, evolution, and decomposition of algal

blooms; and therefore we need detailed investigation

for the entire area for a long period, for at least 2

months.

Remote sensing has long been considered an obvious

tool for studying the distribution of HAB organisms

over larger spatial scales and longer time scales than

what is possible with ship-based sampling (Tester
et al., 1991; Keafer and Anderson, 1993; Tang et al.,

2003a,b, 2004a,b). A winter algal bloom was observed

in the southwestern Luzon Strait by using Coastal Zone

Color Scanner (CZCS) imagery (Tang et al., 1999);

short-time variability of a phytoplankton bloom in the

Arabian Sea was reported using Chlorophyll-a (Chl-a)

images derived from the ocean color and temperature

sensor (OCTS) (Tang et al., 2002). SeaWiFS-derived
Chl-a data and sea surface temperature (SST) derived

from the advanced very high resolution radiometer

(AVHRR) were also utilized to monitor HABs in Hong

Kong waters (Tang et al., 2003a), the South China Sea
(Tang et al., 2004a), the Gulf of Mexico (Stumpf

et al., 2003), and in New Zealand waters (Chang et al.,
2003). The present study traced biological oceanic pro-

gress of these HABs by utilizing satellite remote sensing

data together with oceanographic data. We took mea-

surements over a time-frame long enough to show the

relationships between some of the previously separate

reports. Such an examination over the entire Bohai

Sea for a relatively long period may enhance our knowl-

edge of the formation, advection, and breakdown of
HABs.
2. Methods and data

2.1. Study area

The Bohai Sea (Fig. 1(A)) has four major bays, with
its east–west width about 300 km and north–south

length about 550 km and an area of about 77,000

km2. It exchanges waters with the northern Yellow

Sea through a narrow strait called the Bohai Strait

(Figs. 1(A) and (B)). The Bohai Sea is relatively shal-

low with an average depth of 20 m; the deepest part

is in the Bohai Strait where the depth reaches 70 m.

Four large rivers carry industrial and domestic waste-
water discharged from several large cities in China,

such as Tianjin (Fig. 1(A)). In the Bohai Bay, the

coastal waters show moderate eutrophication through-

out year, but the northern waters show heavy eutrophi-

cation in summer (Tao, 2002), and most HABs occur

in this season.

The weather influencing the Bohai Sea is dominated

by a strong northerly monsoon wind from late Novem-
ber to March that has an average speed of approxi-

mately 10 m s�1 in the month of January (Yuan and

Su, 1984). In the Bohai Sea, seasonal water stratification

appears early in April and breaks down at the end of
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September. The circulation in the Bohai Sea is fairly

complicated due to the temporal and spatial variation

of forcing factors, i.e., tide, wind, and baroclinicity

(Guan, 1994). In September, a decrease of SST usually

results from the vertical mixing of water columns which

is caused by the strong seasonal wind and the strong lo-
cal tidal current in the Bohai Sea.

2.2. SeaWiFS ocean color images

The ocean color 4-band algorithm (OC4) (O�Reilly

et al., 1998) has been used in the SeaWiFS Data Analy-

sis System (SeaDAS) (version 4) to process available

SeaWiFS-derived Chl-a images (1 · 1 km2 spatial reso-
lution) for the Bohai Sea for September 1998 when the

HAB events occurred. We know that OC4 may not be

adequate for quantitative analysis to coastal water, such

as in the Bohai Sea, we focused our attention on HAB

movement in the offshore waters. Masks (such as land

masks and cloud mask) have been applied for every im-

age, and flags have been considered as well.

2.3. AVHRR SST data from NOAA satellite

AVHRR SST data are processed for the period of the

bloom in the Bohai Sea. These are images of local cov-

erage with 1 · 1 km2 spatial resolution processed

through the MCSST algorithm (McClain et al., 1985)

at Tohoku University (Sakaida et al., 2000). We selected

the dates to match with Chl-a images that are processed
for the HAB bloom.

2.4. Sea surface wind

Wind speed and direction over the ocean surface are

retrieved from measurement of the QuikScat backscat-

tered power (Wentz et al., 2001). QuikScat wind vector

data are originally provided by the NOAA-CIRES Cli-
mate Diagnostics Center Boulder, Colorado, USA

(NOAA, 2003); we processed weekly and monthly wind

images for the period from August to November 1998,

by using generic mapping tools graphics (GMT) (Wessel

and Smith, 2002). The resolution of QuikScat wind vec-

tor is 100 km · 100 km for the open sea, and the size of

Bohai Sea is 300 km by 550 km; With such limited wind

data we can only get general information.
3. Results

3.1. Harmful algal blooms in the Bohai Sea

The Routine Water Monitoring Mission of the State

Oceanic Administration of China (SOAC) and other
Chinese institutions have observed several HAB out-

breaks in the Bohai Sea by analyzing hydrographic data
and aerial photographs. These records enabled us to

compile a summary of HAB occurrences during autumn

1998 (Table 1) when there was a significant loss of com-

mercial fish. The number of actual HAB events may be

larger than those are given in Table 1 because some

blooms, particularly the offshore blooms, may not have
been observed by the hydrographic data and aerial

photographs.

An extensive HAB (Fig. 1(A)), which was dominated

by the marine dinoflagellate Ceratium furca, was re-

ported by SOAC (2001) in western Liaodong Bay. We

were able to obtain one SeaWiFS image (Fig. 2(C)) on

September 15. High Chl-a concentrations (white arrow)

are found in the HAB area (Fig. 2(C)), which matches
well with the HAB reported in terms of location and

date (Fig. 1(A)). The outbreak of Ceratium furca may

reduce oxygen levels in the water, which may, in turn,

lead to fish kills.

3.2. Spatial distribution of the algal bloom

We were able to obtain a series of SeaWiFS images
for September 1998 (Fig. 2). At the beginning of Sep-

tember, Chl-a concentrations are found to be low in

the entire Bohai Sea and somewhat higher along the

coastal waters (Fig. 2(A)). On September 11, an algal

plume (white arrow in Fig. 2(B)) appeared near the

Luanhe River mouth (LuR, Fig. 2(B)). On September

15, this algal plume extended offshore, and the Chl-a

concentration increased along the coast at the same time
(Fig. 2(C)). The location of the bloom in Liaodong Bay

matched well with in situ observations (Fig. 1(A); No. 7

in Table 1).

The algal bloom subsequently intensified and mi-

grated in an offshore direction. An extensive bloom with

high Chl-a concentrations is observed in the central por-

tion of the northern sea on September 16 (Fig. 2(D)); it

covers an area of about 60 · 65 km2. The bloom moved
eastward on 21 September (Fig. 2(E)). On the same day,

a large algal bloom near the Jinzhou Bay (arrow in Fig.

2(E)) is detected based on Chl-a concentrations, and

that also matches with the in situ data (No. 8 in Table

1). At the end of September, the bloom is found to dis-

appear (Fig. 2(F)) and Chl-a concentrations decrease in

the study area. This suggests that this HAB started from

the west coastal water in the Bohai Sea. SeaWiFS
images showing HAB events match well with the in situ

observations.

3.3. Wind velocities and water temperature

Weekly wind data (Fig. 3) shows weak south to

south–west winds (<3 m s�1) in the last week of August

1998 (Fig. 3(A)), but Fig. 3(B) shows north-east winds in
the first week of September. In the second week of Sep-

tember, the wind speed became higher by about 7 m s�1
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(Fig. 3(C)), and the direction change from easterly to

strong northeasterly in the 4th week of September

(Fig. 3(D)). To understand the wind condition for the

season, we analyzed monthly wind images (Fig. 4) for

the period from August to November 1998. The wind

direction is found to change significantly in the fall sea-
son in the Bohai Sea: Northeasterly wind was observed

during September (Fig. 4(B)), but northwesterly wind

appeared during October (Fig. 4(C)).

The SST was not uniform in the Bohai Sea during

September 1998 (Fig. 5). In general, water temperatures

are found to be higher in the south compared in the

north. In early September, high SSTs are observed along

the southwest coast (‘‘a’’ in Fig. 5(A)) and low temper-
atures along the northeast (‘‘b’’ in Fig. 5(A)). High tem-

perature waters (yellow in Fig. 5, around 25–27 �C) are

found around the mouth of the Luanhe River (LuR in

Fig. 5(A)) and the area with SST P 25 �C expanded

from the west coast to the central area (arrow in Fig.

5(A)). The SST is found to increase throughout the Bo-

hai Sea from September 1 (Fig. 5(A)) to September 10

(26–27 �C) (Fig. 5(B)). The SST subsequently decreased
along the east coast, and reached the lowest temperature

(22 �C) at the end of September (Fig. 5(C)–(E)). The

SST of the algal bloom area is found to be 25–26 �C

(Fig. 5(B)).
4. Discussion

4.1. Algal blooms and water conditions in autumn in the

Bohai Sea

Algal blooms generally require adequate nutrient

concentrations, enough sunlight, and warm water tem-

peratures for a specific species (Guerra-Martı́nez et al.,

1995; Tang et al., 1998, 2003a,b, 2004a). Earlier studies

for the Bohai Sea have indicated that the seasonal and
spatial variation of algae and Chl-a concentration was

closely correlated with environmental factors; if light

conditions are similar, the main factors are found to

be related with water temperature and nutrient levels

(Tao, 2002). Ship surveys in the Bohai Sea during

1981 and 1982 have shown occurrence of highest pig-

ment concentration during autumn (Lui et al., 1984);

Ecological investigations in the year 1998 (Li and Tao,
2000) also show higher mean abundance of algal cells

during August in the Bohai Bay. Ceratium furca is found

as a typical marine dinoflagellate (Smalley and Coate,

2002), which is also found in a coastal lagoon of Mexico

(Guerra-Martı́nez et al., 1995), where the cell abundance

increased in brackish conditions (13–35&) and at high

temperature (30–34 �C). HABs of Ceratium furca have

occurred several times along the coastal waters in China;
cell concentration reached 6 · 104 L�1 in an HAB in

southern China (Zhou and Lin, 1995).



Fig. 3. Weekly wind images derived from QuikScat for the Bohai Sea in 1998, showing the wind changes in the HAB area. Arrows show wind speed

and direction.

Fig. 2. (A–H). SeaWiFS images showing HAB with high Chl-a concentrations (white arrows) from west to east in the Bohai Sea in September 1998.

LuR: Luanhe River.
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Fig. 5. SST maps in the Bohai Sea in 1998. Color bars show temperature, land is shown in red.

Fig. 4. Monthly wind conditions derived from QuikScat for the Bohai Sea in 1998, showing the transition of wind directions. Arrows show wind

direction and colors display wind speed.
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The historic record shows the averaged monthly dis-
charge of the Luanhe river to be about 35.81 m3 s�1,

with the highest discharge 82.88 m3 s�1 during June,

and about 47.75 m3 s�1 during August from 1980 to

1983 (CSGE, 2003). The present results show that the

1998 HAB initiated along the coast near the Luanhe

River mouth (Fig. 2(A) and (B)) in the Bohai Sea. When

the Luanhe river water discharged into the west coastal

waters of the semi-enclosed Bohai Sea, and the sea-
water temperature increased to 25–26 �C (Fig. 5(B)),

the algal bloom occurred near the river mouth area

and adjacent coastal waters (Fig. 2(B) and (C)), proba-

bly due to high eutrophication and bloom-favorable

environmental conditions. Concentrations of N, P, and

COD have high seasonality in the Bohai Sea; the highest

level of inorganic N (0.2 mg L�1) was observed during

August to September (Zhou and Zhang, 2003). Earlier
study made by Tang et al. (1998) has shown that the Bo-

hai Sea, the only semi-enclosed sea, has the highest con-

centrations of pigments (Chl-a) during 1979–1986

compared to the East China Sea and the South China

Sea. Additionally, because of the change of wind direc-

tion and the increase of wind speed (Fig. 3), stratifica-

tion was broken down in the second half of September

in the Bohai Sea (Huang et al., 1999), and therefore
nutrients might have been brought to the surface caus-

ing expansion and intensification of the algal bloom

(Figs. 2(C)–(E)).
Stable and high level SST is one of the reasons for the
algal bloom. At the end of September, the SST is found

to decrease to about 22–23 �C (Fig. 5(E)) due to the

strong northeasterly wind, and as a result, the bloom de-

cayed. We know that sea water temperature has a high

correlation with air temperature. During 1998 in the Bo-

hai Sea area, air temperatures in the months of late Au-

gust and early September was found to be higher

compared to other years (Zhou et al., 1997; Gong
et al., 2000). But at the end of September, low sea water

temperature (Fig. 5(E)) due to strong vertical mixing of

water column induced by the northwesterly wind (Figs.

3(D) and 4(B)) may reduce the phytoplankton bloom.

The other possibility is that the depletion of available

nutrients may also limit phytoplankton bloom in the off-

shore waters of the Bohai Sea at the end of September

(Fig. 2(F)).

4.2. Algal bloom distribution from west to east

The present study shows the algal blooming from the

west coast to the east of the Bohai Sea during 1998, and

lasted more than 1 month. The Bohai Sea circulation

consists of three components, namely, the warm current

extension (WCE) entering the Bohai Sea from the north-
ern Yellow Sea, the Liaodong Coastal Current, and the

Southern Bohai Coastal Current (Guan, 1994) (Fig. 6).

The WCE is a leading component of the circulation. It



Fig. 6. (A) Bohai Sea Circulation in the Bohai Sea (Redrawn from

Guan, 1994). (a) Warm Current Extension (WCE); (b) Liaodong

Coastal Current; (c) Southern Bohai Coastal Current. (B) Distribution

of sediment loads discharged from Yellow River (Redrawn from Qin,

1994). (a) strong; (b) medium; (c) weak; (d) no influence. Arrows

indicate direction of sediment transport.
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enters the Bohai Sea like a jet (‘‘a’’ in Fig. 6), moves

westward along the central part of the Bohai before

encountering the coast, and separates into two branches.

One branch moves toward the Liaodong Bay to form an

anti-cyclonic gyre (‘‘b’’ in Fig. 6(A)), and the other

branch moves toward the Bohai Sea to form a cyclonic

gyre (‘‘c’’ in Fig. 6(A)). The long-term conditions are
controlled by clockwise circulation (Guan and Chen,

1964). In the northern Bohai Sea, HAB may occur east-

ward from the currents and disappear when the avail-

able nutrients are exhausted.

The frontal zone between river discharge water and

seawater may provide suitable conditions for an algal

bloom. A ‘‘frontal HAB’’ between Pearl River discharge

water and the South China Sea water was observed in the
northern South China Sea (Tang et al., 2003b). In the

present observation, algal bloom occurred and moved

along with the frontal waters between the Luanhe River

discharge plume and the coastal current (Fig. 2).

4.3. Tracing the movement of HAB by satellite

In many cases, it is difficult to trace algal blooms
from the data by ship survey as we have discussed in

Sections 1 and 4.1. Some HAB events, particularly off-

shore blooms, might not be identified. A single moving

bloom might be recorded as multiple blooms; there were
also some other separate HABs, such as the bloom in

October in the Bohai Bay. The present study shows a

series of Chl-a images that coincided with HABs re-

ported by various in situ observations (Table 1).

The ocean color of coastal waters are influenced not

only by algae and related particles, but also by other
substances. The SeaWiFS-derived color values may also

vary independently of algae, notably due to inorganic

particles in suspension and yellow substances particu-

larly in the river mouth (Sathyendranath, 2000; Tang

et al., 2004). In the Bohai Sea, the Yellow River (YeR

in Fig. 1(A)), located in the southern Bohai Sea, is a ma-

jor source of sediment into the sea (Fig. 6(B)) (Qin,

1994). Its influence is greater in the Yellow River mouth
area and along the south coastal water than that in the

northern Bohai Sea (Figs. 1(A) and 6(B)). The HAB

during 1998 occurred in the northern sea and moved

to offshore waters (Figs. 2 and 3), satellite images are

comparable with in-situ observation in terms of location

and Chl-a concentration level (Table 1). The present

study clearly shows an advantage of satellite images in

mapping the development of HABs in offshore waters.
5. Conclusion

SeaWiFS-derived Chl-a data have been applied suc-

cessfully in mapping of HABs in the Bohai Sea during

autumn 1998. A series of images have revealed the devel-

opment, distribution, and movement of HABs, compa-
rable with ship observations. This represented

examples of evidence of HAB and related oceanographic

features by satellite imagery. The present study suggests

that the high SST and weak wind may be important for

the algal bloom, and HAB biomass could be transported

distances in the sea.
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