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A B S T R A C T   

During the summer monsoon, a large amount of the Changjiang River discharge (CRD) extends into Korean 
coastal waters (KCWs) in the East China Sea, forming Changjiang diluted water (CDW). The harmful dinofla-
gellate Cochlodinium (=Margalefidinium) polykrikoides frequently causes massive blooms during the monsoon 
period, and these result in extensive economic losses in southern KCWs. We hypothesized that the scale of 
C. polykrikoides blooms can be varied depending on the intrusion strength of CDW into KCWs. We analyzed long- 
term (20 years) data (physicochemical factors and C. polykrikoides bloom area and duration) to test this hy-
pothesis. In confirming the variability in annual salinity, the average Niño 3.4 index in the preceding winter was 
found to be positively correlated with the CRD in the following summer (R2 = 0.203, p < 0.05). However, the 
surface salinity in our study area was not significantly correlated with the CRD (p > 0.05), indicating that not all 
of the CDW volume enters the southern KCWs. This incomplete transfer of CDW into KCWs was related to the 
path of typhoons in the East Asian region; typhoons are able to moderate the influence of CDW through strong 
water mixing between the upper and bottom layers. We found that the scale of C. polykrikoides blooms in KCWs 
was negatively correlated with the strength of the CDW intrusion. Together with previous and present findings, 
the influx of low salinity CDW can accelerate a rise in surface temperature, and this elevated temperature 
condition which is unfavorable for C. polykrikoides growth may lead to reductions in the scale of this dinofla-
gellate blooms. Our findings suggest that intrusion strength of CDW into KCWs plays important role in regulating 
C. polykrikoides population dynamics by causing inhibitory conditions.   

1. Introduction 

Global warming has caused unprecedented climate changes, mainly 
related to temperature, precipitation, and wind, as a result of in-
teractions between the atmosphere and the oceans (Wells et al., 2015). 
The phytoplankton community, including harmful algal bloom (HAB) 
organisms, significantly responds to these environmental changes; the 
structure and composition of phytoplankton populations and their 
temporal and spatial distribution are varied (Hallegraeff, 2010; Paerl 
et al., 2010). Over recent decades the occurrence, frequency, and dis-
tribution of HABs have consistently increased, and HAB events have 
become an important global issue. HABs cause large economic losses in 

the aquaculture industry, and pose a serious threat to public health and 
aquatic sustainability (Kudela and Gobler, 2012). In particular, the 
ichthyotoxic unarmored dinoflagellate Cochlodinium (=Margalefidinium) 
polykrikoides is responsible for massive fish mortality, and blooms of this 
organism are increasingly threatening coastal ecosystems globally 
(Kudela and Gobler, 2012; Lee et al., 2013; Park et al., 2013). Since this 
dinoflagellate causes mass mortality of caged fish in Korean coastal 
waters (KCWs) during summer (Park et al., 2013), numerous studies 
have been performed to elucidate the factors affecting bloom dynamics 
in this area. Based on previous findings, physicochemical factors play a 
key role in the formation and termination of blooms (Baek et al., 2020a; 
Lee et al., 2016; Lee, 2006; Lim et al., 2015; Lim et al., 2019; Lim et al., 
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2021). 
The physiochemical conditions in KCWs are strongly affected by the 

introduction of water carried to the area by ocean currents (Lie and Cho, 
2016; Lie and Cho, 1994). Southern KCWs are affected by ocean currents 
including the Jeju Warm Current and the Tsushima Warm Current, 
which is a branch of the Kuroshio Current and is characterized by high 
salinity (Lie and Cho, 2016; Lie and Cho, 1994). In addition, the 
Changjiang diluted water (CDW), formed by Changjiang River discharge 
(CRD) during the summer monsoon, enters southern KCWs from the East 
China Sea. It is characterized by low salinity and high temperature, and 
is capable of affecting physicochemical condition in the receiving area 
(Bai et al., 2014). In addition, the CDW can cause variation in other 
environmental conditions, such as the concentrations of nutrients and 
dissolved oxygen (Jiang et al., 2014; Liu et al., 2018), with the extent of 
its influence dependent on the volume of water introduced. 

The amount of CDW intrusion into KCWs can be determined by levels 
of the two factors; the initial formation of CDW and the transport of the 
formed CDW. First, as a source, the initial amount of CDW is most 
affected by precipitation in the Changjiang River basin and amount of 
the CRD. According to Park et al. (2015), the amount of the CRD is 
closely associated to El Niño–Southern Oscillation (ENSO)-related pre-
cipitation over the Changjiang River. Based on an ocean general circu-
lation model (OGCM), in case of occurrence of an El Niño event in 
winter, the amount of the CRD was elevated during summer in the 
following year. In addition, as a transport, a second potential influencing 
factor is vertical mixing caused by the passage of typhoons. It is well 
known that typhoons (tropical cyclones) are one of the most energetic 
meteorological phenomena in the marine environment. Typhoon- 
induced strong winds cause vertical mixing of water mass, which can 
alter typical CDW extension patterns. The previous studies found that 
changes in the direction and the amount of CDW extension into KCWs 
after the passage of typhoons through the in situ measurement and 
numerical simulation (Lee et al., 2017; Zhang et al., 2018). Given these 
findings, the passage of typhoons can be an important factor, deter-
mining the amount of CDW intrusion into KCWs along with the CRD, but 
this is unclear due to lack of evidence. Thus, it is necessary to examine 
this relationship using long-term historical data. 

The intrusion of CDW, which varied annually, can have major im-
pacts on marine organisms in KCWs, particularly the mass mortality of 
macro-benthic organisms around Jeju Island (Suh et al., 1998). In 
addition, there has been much debate about impact of the summer 
intrusion of CDW on C. polykrikoides blooms, even though these two 
events occurred, simultaneously. Lee et al. (2016) and Lee (2008) sug-
gested that the influx of CDW may create favorable environmental 
conditions for the occurrence of C. polykrikoides blooms, including cell 
aggregation and the supply of abundant nutrients. Whereas, Park et al. 
(2019) suggested that changes in the N/P ratio are associated with a 
negative relationship between the abundance of C. polykrikoides and the 
CRD. Although these studies have discussed the relationship between 
C. polykrikoides blooms and CDW, there has been little study of annual 
variations in the CDW intrusion and the effect of these on the scale of 
C. polykrikoides blooms, including their area and duration. 

We hypothesized that the scale of C. polykrikoides blooms could be 
affected by variation in the extent of intrusion of CDW into KCWs. To 
test this hypothesis, we first analyzed long-term physicochemical envi-
ronmental data to determine the annual strength of the CDW intrusion 
into southern KCWs. Second, the effect of ENSO index and typhoon 
passage on initial formation and transport of CDW intrusion into 
southern KCWs was elucidated using long-term historical data. Finally, 
we examined the relationship between the CDW intrusion into southern 
KCWs and the scale of C. polykrikoides blooms. 

2. Materials and methods 

2.1. The study area and collection of hydrological data 

Since the mid-1990s, monitoring has been carried out six times per 
year (February, April, June, August, October, December) in the Yellow 
Sea, the East Sea (Sea of Japan), and southern KCWs, and four times per 
year in the East China Sea, under the Serial Oceanographic Observation 
Program of the NIFS (National Institute of Fisheries Science). Environ-
mental parameters including water temperature, salinity, the dissolved 
oxygen (DO) concentration, and the concentrations of dissolved inor-
ganic nutrients (nitrite + nitrate; NOx, phosphate, and silicate) have 
been measured as part of the program, and the resulting data are 
archived by the NIFS (http://www.nifs.go.kr/kodc). To investigate 
salinity gradient changes caused by CDW intrusion, the study area was 
divided into two zones (zones I and II) based on the distance from the 
southern Korean coast (Fig. 1) on longitude 126.2◦E (left border of Jeju 
Island). 

The data used focused on sites corresponding to the CDW intrusion 
pathway (Bai et al., 2014), except for the distribution of annual surface 

Fig. 1. The study area. A: Location of the Korean Peninsula, and patterns of 
surface currents in the northwestern Pacific marginal seas. CDW: Changjiang 
Diluted Water (the colored dashed lines indicate various types of CDW intru-
sion, as described by Bai et al., 2014. Blue: type I; red: type II; green: type III); 
TWWC: Taiwan Warm Current; JWC: Jeju Warm Current; TWC: Tsushima 
Warm Current. B: sampling sites for the Serial Oceanographic Observation 
Program of National Institute of Fisheries Science. The colored boxes indicate 
the zones used for analyzing the influence of CDW (blue: zone I; red: zone II). 
Zones were separated according to distance from the southern Korean coastal 
line, based on longitude 126.2◦E (left border of Jeju Island). 
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salinity in August (Fig. 2A). Only data (water temperature, salinity, DO 
and dissolved inorganic nutrients) for surface waters in August were 
used in comparisons of water conditions in relation to the strength of 
CDW intrusion into southern KCWs from 1994 to 2016. Classification of 
the annual intrusion of CDW into southern KCWs was based on the 
salinity in each zone, and years having strong and weak CDW intrusions 
were selected based on the absolute value of Z-scores. The Z-scores were 
calculated based on the annual average salinity in each zone, and was 
determined using the equation: 

Z − score =
Xi − X

σ  

where Xi is the average salinity for each year, and X (mean value) and σ 
(standard deviation) were calculated from the entire dataset in each 
zone. The years having strong CDW intrusion (Z-score > − 1) were 
1996, 2005, 2006, 2010, and 2016, while the weak CDW intrusion years 
(Z-score < +1) were 1994, 1995, 1999, 2002, 2011, and 2014 (Fig. 3C). 

2.2. Duration and cumulative area of C. polykrikoides blooms 

Red tide monitoring in Korea has been conducted by the NIFS since 
1972, and a nationwide red tide monitoring network was established in 
1995 following a massive fish kill caused by C. polykrikoides blooms (Lee 
et al., 2013). Monitoring for early detection and warning of 
C. polykrikoides blooms is conducted at two-week intervals from June to 
October, using field surveys along the southern coast of Korea (Lee et al., 
2013). When a red tide occurs, a daily red tide newsletter is published 
that includes cell density and location information, and predictive in-
formation about the development and extinction of the red tide is made 
available at the NIFS red tide management system data (http://www. 
nifs.go.kr/rtm/TRS/gispop/redtide.jsp). To determine the duration of 
C. polykrikoides blooms in each year we used the daily red tide data from 
the NIFS red tide management system (Table 1). In addition, the 
georeferencing data (locations where blooms occurred) from 2000 to 
2016 in the NIFS red tide management system were used to determine 
the cumulative bloom area. Since data for 2004 and 2006 were absent in 
the NIFS red tide management system, these two years (2004 and 2006) 
data were excluded when we analyzed bloom area. Georeferencing was 

accomplished by superimposing latitude/longitude data onto an aerial 
photograph or map lacking geographic coordinates. In this case, the 
coordinates of the entire map may be obtained by estimating the 
geographical coordinates of the remaining non-overlapping areas based 
on the same region on the two maps. As the red tide area map is provided 
in image format (jpg, png), the objects on the map were projected in the 
x and y coordinate system. A ground control point (GCP) was selected 
for each map, and matched with the digital map that included the 
geographic coordinate system. All other coordinates were added as 
relative coordinates with respect to the reference point (the GCP); the 
geodetic datum used was WGS84 (World Geodetic System 1984). To 
calculate the area, the red tide area was digitized to a polygon from the 
georeferenced red tide area map, and the inner area of the polygon was 
used as the area of the red tide. 

2.3. El Niño–Southern Oscillation, Changjiang River discharge 

The sources of data on the ENSO and the CRD are shown in Table 1. 
Sea surface temperature (SST) anomalies in the Niño 3.4 region 
(5◦S–5◦N, 90–150◦W), representing the ENSO, were obtained from the 
National Oceanic and Atmospheric Administration (https://psl.noaa.go 
v/gcos_wgsp/Timeseries/Nino34). Based on the time-delayed correla-
tion between ENSO and precipitation over the Changjiang River by Park 
et al., (2015), the preceding winter (December–January–February: DJF) 
Niño 3.4 SST anomalies, averaged over the Niño 3.4 region, were used 
for correlation with the CRD and salinity to study the effect of ENSO on 
the CRD in summers over the period 1994 to 2016. The CRD data were 
based on measurements made without tidal influence at the Datong 
hydrological gauge station, which is located 624 km upstream from the 
Changjiang River mouth. 

2.4. Path of typhoon and economic losses caused by C. polykrikoides 
bloom 

To investigate the effect of typhoons on the intrusion of CDW into 
southern KCWs, the paths of typhoons from 1 July to 20 August in strong 
and weak CDW years were traced, based on data from the Korea Mete-
orological Administration (KMA; https://www.weather.go.kr/weath 

Fig. 2. Annual variation of surface salinity in the study area in August 1994–2016. A: Horizontal distribution of surface salinity in the study area in August 
1994–2016. B: Annual variation in surface salinity in each zone (Top: Zone I; Bottom: Zone II) in August 1994–2016; The red dashed line indicates the average 
salinity in each zone over the 23 years. C: Annual Z-scores for each zone, used in classifying the strength of the intrusion of CDW into southern Korea coastal waters. 
The years categorized as strong and weak CDW were selected based on the absolute value of Z-scores exceeding 1. Blue and red text and highlighting indicate weak 
and strong CDW years, respectively. 
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er/typoon). Data on annual (2000–2016) economic losses caused by 
C. polykrikoides blooms were obtained from the Ministry of Oceans and 
Fisheries (https://www.mof.go.kr/article/view.do?menuKey=427&bo 
ardKey=2&articleKey=26880). 

2.5. Statistical analysis 

All statistical analyses were performed using SPSS software version 
23 (SPSS Inc.; Chicago, IL, USA). Linear regression analysis was per-
formed to assess the correlations among variables including: (i) between 
salinity (representing the strength of CDW intrusion into KCWs) and 
factors affecting the CDW volume (Niño 3.4 index, CRD); (ii) between 
sigma-t and C. polykrikoides bloom parameters (duration and cumulative 
area; a logarithmic scale was used for cumulative area because of the 
large variations from the other parameter); and (iii) between properties 
of C. polykrikoides blooms (duration, daily bloom area, and cumulative 
bloom area) and economic losses. In addition, to assess environmental 
changes depending on the strength of CDW intrusion into southern 
KCWs, a student’s t-test was used to compare environmental variables 

(water temperature, salinity, DO, inorganic nutrients: NOx, phosphate, 
silicate) among strong and weak CDW years. For all analysis, differences 
were considered to be statistically significant at p < 0.05. 

3. Results 

3.1. Changes in the salinity distribution pattern in summer 

During the 23 years of the study the horizontal distribution of 
salinity in surface waters in August varied markedly each year (Fig. 2A). 
Overall, the surface salinity around the Korean peninsula was highest in 
the East Sea (Sea of Japan), in the east of the study area (average: 32.8 
± 0.46), followed by the Yellow Sea in the west, and southern KCWs and 
the East China Sea in the south. In this period a trend of low salinity 
(average: 30.6 ± 1.13) was observed in southern waters, including 
southern KCWs and the East China Sea, and the distribution of low saline 
water varied annually. In the two zones the average annual salinity 
ranged from 28.2 (2016) to 32.8 (2000), and in 74% of the 23 years the 
salinity fluctuated between 30 and 31. During the 23 years the average 

Fig. 3. Annual variations of, and relationships among, environmental parameters during the study period. A: Annual variation in the Niño 3.4 SST (sea surface 
temperature; red and blue hatched areas represent the positive and negative anomalies, respectively) and the Changjiang River discharge (CRD; black line and circle 
symbols). B: Average surface salinity in August in both zones (black bar graph). Relationships between: The Niño 3.4 index and the CRD (C); and the CRD and salinity 
(D). The Niño 3.4 index used to assess relationships with other factors were the average Niño 3.4 SST anomalies in the preceding winter (Decem-
ber–January–February; DJF) from 1994 to 2016. Linear regression lines (red) and R2 and p values are also shown. 
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salinity in Zone I was 31.5 ± 0.8, and in Zone II was 29.8 ± 1.3 (Fig. 2B). 
In four of the weak CDW years in this period (2005, 2006, 2010, and 
2016), the average salinity in Zone I was very low (average: 29.9 ± 0.4; 
Z-score < − 1; Fig. 2B and 2C). In Zone II, in only two years (1996, 
2016) did the average salinity (26.5 ± 0.20) have a Z-score < − 2 
(Fig. 2B and 2C). The average salinities in strong and weak CDW years 
(29.4 ± 2.4 and 31.3 ± 1.05, respectively) were significantly different 
(t-test, p < 0.01) (Table 2). 

3.2. Annual variation and relationships among CDW-related factors 

Fig. 3 shows the annual variations in the Niño 3.4 index, the CRD, 
and average salinity in Zone I and II, and their relationships as deter-
mined by linear regression. For Niño 3.4 index, positive SST anomalies 
occurred in 1995, 1998, 2003, 2005, 2007, 2013, and 2016, while the 
remaining years had negative SST anomalies (Fig. 3A). The volume of 
the CRD in June and July each year showed a similar pattern of variation 
as for Niño 3.4 index (yearly increase or decrease). In 1995, 1996, 1998, 
1999, 2002, and 2015 the CRD exceeded 105 m3 s− 1 (CMS) (average 
11.0 ± 0.8 × 104 CMS), whereas, in 2008, 2009, 2011, and 2014 it was 

< 7 × 104 CMS (average 6.6 ± 0.4 × 104 CMS). The average surface 
salinity in August over the 23 years was 30.7 ± 0.9; relatively low sa-
linities (<30; average: 29.0 + 0.6) were recorded in four years (1996, 
2006, 2010, and 2016) (Fig. 3B). Salinity did not show similar annual 
variability to Niño 3.4 index and the CRD. The average Niño 3.4 index in 
the preceding winter (DJF) was significantly positively correlated with 
the CRD in the following summer (R2 = 0.203, p < 0.05; Fig. 3C), but not 
with salinity (p > 0.05). In addition, the CRD was not significantly 
correlated with the average salinity (p > 0.05; Fig. 3D). 

3.3. Comparison of passage of typhoons between strong and weak CDW 
years 

The number of typhoons in weak CDW years and strong CDW years 
during the summer were 22 and 27, respectively (Fig. 4). There was a 
clear difference in the number and rate of typhoons that passed through 
the study area between the weak and strong CDW years. In weak CDW 
years, 10 typhoons, accounting for 45 % of all typhoons, passed through 
the study area (Fig. 4A), including: Typhoon Faya on 23 July 1995; ty-
phoons Neil (27 July), Olga (3 August), Paul (7 August) and Rachel (10 
August) in 1999; typhoons Nakri (13 July) and Fengshen (26 July) in 
2002, typhoon Muifa on 7 August 2011; and typhoons Nakri (2 August) 
and Neoguri (10 August) in 2014. In strong CDW years, 2 typhoons, 
accounting for 7 % of all typhoons, passed through the study area 
(Fig. 4B), including: Typhoon Ewiniar on 9 July 2006; and typhoon 
Dianmu on 10 August 2010. 

3.4. Annual variations in the C. polykrikoides blooms and their 
relationship with sigma-t 

Overall, the historical C. polykrikoides bloom area (1995–2016) was 
concentrated on the southern coast of Korea, and in nine years (1996, 
1998, 2000, 2004, 2005, 2006, 2008, 2012, and 2016; 41% of the total 
number of years analyzed) red tides occurred only in southern KCWs 
(Fig. 5A). When red tides occurred over a wider area in the other ten 
years (1995, 1997, 1999, 2001, 2002, 2003, 2007, 2013, 2014, and 
2015), the blooms tended to occur on both the southern and eastern 
coasts of Korea. The historical C. polykrikoides bloom area showed the 
spatial locations where red tides had occurred, whereas data on the 
cumulative bloom area and duration indicated the strength of annual 
C. polykrikoides blooms. 

After 2000 the cumulative C. polykrikoides bloom area varied from 
20 km2 (2009) to 17,380 km2 (2003) (Fig. 5B). From 2000 to 2002 there 
were large C. polykrikoides blooms having an average area of 6959 km2, 
while 2003 had the largest cumulative bloom area among the years 
analyzed (17,380 km2). For the next seven years (2005 to 2011), the 
blooms were small (average area: 522 km2). However, over the next four 
years the C. polykrikoides blooms were large (3201 km2, 7992 km2, 2091 
km2, and 6378 km2), averaging 5000 km2. In 2016 the bloom area was 
extremely small (<100 km2). During the 17 years the average duration 
of C. polykrikoides blooms was 33 days (Fig. 5B). In the nine years (2000, 
2001, 2002, 2003, 2005, 2012, 2013, 2014, 2015) in which the bloom 
area was relatively large (>2000 km2), the average duration was 47 
days, which was two weeks longer than the average for the entire period. 
In 2003, when the largest cumulative bloom area (17,380 km2) was 
recorded, the red tide lasted for a relatively short period (40 days), while 
in 2008 the bloom was small in area (775 km2), but lasted for 55 days. 

To investigate the effect of CDW intrusion on C. polykrikoides blooms 
in southern KCWs, we performed linear regression between properties of 
C. polykrikoides blooms (cumulative area and duration) and sigma-t, as 
an indicator of CDW intrusion (low sigma-t) into southern KCWs 
(Fig. 5C). The linear regression between sigma-t and cumulative bloom 
area showed a significant positive correlation (R2 = 0.29, p < 0.05). In 
addition, the duration of C. polykrikoides blooms was positively corre-
lated to sigma-t with higher significance (R2 = 0.42, p < 0.05). The 
average duration and cumulative area of C. polykrikoides blooms in 

Table 1 
Sources of data used.  

Factors Source Years 

Temperature Korea Oceanographic Data 
Center (KODC) Serial 
Oceanographic Observation 
Program of National Institute of 
Fisheries Science (NIFS; http:// 
www.nifs.go.kr/kodc) 

1994–2016 
Salinity 
DO 
Nutrients 

Bloom area NIFS red tide management 
system data (http://www.nifs. 
go.kr/rtm/TRS/gispop/re 
dtide.jsp) 

2000–2016 (unavailable in 
2004 and 2006) 

Bloom duration 2000–2016 

Economic losses Ministry of Oceans and 
Fisheries (https://www.mof.go 
.kr/article/view.do?menuKe 
y=427&boardKey=2&artic 
leKey=26880) 

2000–2016 

Changjiang 
River 
discharge 

Yangtze River Water 
Conservancy Committee (htt 
ps://www.cjh.com.cn) 

1995–2015 

Niño 3.4 index National Oceanic and 
Atmospheric Administration 
(NOAA; https://psl.noaa.go 
v/gcos_wgsp/Timeseries/Nino 
34) 

1994–2016 

Path of typhoon Korea Meteorological 
Administration (KMA; 
https://www.weather.go.kr/w 
eather/typoon) 

Weak CDW years (1994, 
1995, 1999, 2002, 2011, and 
2014) and strong CDW years 
(1996, 2005, 2006, 2010, and 
2016)  

Table 2 
The results of t-test analysis between strong and weak CDW years for: temper-
ature, salinity, dissolved oxygen (DO), dissolved inorganic nitrate + nitrite 
(NOx), dissolved inorganic phosphate (DIP), and dissolved inorganic silicate 
(DSi).    

Mean SD t p 

Temperature (◦C) strong  27.95  1.89 18.89 0.00 
weak  25.40  1.94 

Salinity strong  29.38  2.36 − 13.57 0.00 
weak  31.30  1.49 

DO (mg L-1) strong  5.19  0.67 5.03 0.00 
weak  4.97  0.45 

NOx (μM) strong  3.88  3.81 3.62 0.00 
weak  2.72  2.48 

DIP (μM) strong  0.15  0.20 − 0.19 0.85 
weak  0.15  0.22 

DSi (μM) strong  5.31  3.53 − 1.05 0.30 
weak  5.63  2.65  
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Fig. 4. Paths of typhoons (colored lines) passing the study area from 1 July to 20 August in weak (A) and strong (B) CDW years during the study period. The latitude 
and longitude ranges were 115–140◦E and 15–40◦N for left maps, and 120–128◦E and 30–40◦N for right zoomed maps. 

Fig. 5. Annual variations in the distribution and the scale of C. polykrikoides blooms and their relationship with sigma-t. A: Spatial distribution of C. polykrikoides 
blooms from 1995 to 2016 in Korean coastal waters. The original figure from which these were developed was provided by the Red Tide Control Room, NIFS. B: 
Annual variation in the cumulative area (blue bar graph) and duration (red circled symbol and line graph) of C. polykrikoides blooms from 2000 to 2016 (the cu-
mulative areas of the blooms in 2004 and 2006 were unavailable). C: Relationship between the sigma-t in Zone I and the scale of C. polykrikoides bloom (Cumulative 
bloom area: left blue, duration: right red figure); The numbers in the graph indicate the year. 
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strong CDW years with sigma-t less than 19.5 g cm− 3 were 16 days and 
701 km2 (Fig. 5C). Whereas, the average duration and cumulative area 
of the blooms in weak CDW years (except 2011) with sigma-t over than 
21 g cm− 3 were 57 days and 4354 km2. 

3.5. Relationship between the scale of C. polykrikoides blooms and 
economic losses 

The economic losses caused by C. polykrikoides blooms after 2000 
was the highest at 22.5 million USD in 2013, followed by 19.5 million 
USD in 2003 (Fig. 6). The average economic losses in weak CDW years 
was 5.7 million USD (excluding 2011 when no bloom). On the other 
hand, the economic losses in strong CDW years was small, with an 
average of 0.3 million USD. The economic losses showed a significant 
correlation only with the latter among the bloom duration and area (R2 

= 0.41, p < 0.05). In addition, the cumulative bloom area, a parameter 
that includes the bloom duration, showed a significant positive corre-
lation with economic losses (R2 = 0.53, p < 0.05). 

4. Discussion 

4.1. Extension of CDW into southern KCWs 

Large volumes of the CRD markedly affect Chinese coastal waters 
during the summer monsoon, related to extensive precipitation and 
runoff from China (Wei et al., 2015). The CDW, formed by mixing of 
river runoff and coastal waters, extends northeast under the influence of 
southerly winds and oceanic currents to the Tsushima–Korea strait 
during summer, and reaches southern KCWs with a time lag of 1–2 
months (Bai et al., 2014; Kim et al., 2009). Because of this process, the 
amount of the CRD is a very important factor affecting the total volume 
of CDW entering southern KCWs. In summer, the amount of the CRD is 
determined by precipitation in the Changjiang River catchment. The 
summer monsoon weakens with warming of tropical waters; this affects 
the convergence of water vapor over southern China, and increases 
precipitation in the Changjiang River basin (Li et al., 2010; Zhou et al., 
2008). Anomalies in the SST in the central equatorial Pacific (the Niño 
3.4 region), which are reflected in the Niño 3.4 SST index, can affect the 
CRD by influencing the strength of the summer monsoon. A recent study 
based on the global OGCM has demonstrated that an increase in water 
temperature in tropical waters in winter can subsequently lead to an 
increase in precipitation in southern China, and result in increased the 
CRD in the following summer (Park et al., 2015). In the present study the 
average Niño 3.4 index in the preceding winter (DJF) was positively 
correlated with the amount of the CRD in the following summer (sum of 
June and July) (p < 0.05). Given these findings, elevation of the amount 
of the CRD may lead to increase in the amount of CDW, resulting in a 
decrease of the salinity level in southern KCWs. However, the average 
salinity, which indirectly reflects the influence of CDW, was not 

significantly correlated with the Niño 3.4 index and the CRD (p > 0.05). 
These results indicate that initial formation of CDW was heavily influ-
enced by increased precipitation in China, whereas all of the CDW 
volume was not completely introduced into the southern KCW. 

The influence of external forcing can be considered as the reason for 
the incomplete introduction of CDW into southern KCWs. The passage of 
typhoons in summer plays an important role in determining vertical 
mixing of water masses, even in strongly stratified water column envi-
ronments (Baek et al., 2018; Baek et al., 2020b; Chen et al., 2009). 
Zheng and Tang (2007) reported that 40% of typhoons in western Pa-
cific regions pass through the South China Sea, and the remaining 60% 
impact the East China Sea and East Asian countries; 14% of these 
directly or indirectly influence the Korean Peninsula. According to Bai 
et al. (2014), from 1998 to 2010 the average annual geographic spread 
of the CDW plume was 3.3 ± 0.5 × 105 km2, and because of its low 
density the plume floats on the surface layer (approximately 20 m 
depth) (Matsuno et al., 2006). Therefore, extensive water mixing caused 
by typhoons is likely to reduce the spread of CDW before it enters 
southern KCWs, particularly in Zone I. Zhang et al. (2018) reported that 
the expansion path and strength of CDW have been significantly altered 
by wind-driven current and wave-induced mixings after the passage of 
typhoon Chanhom in early July. In addition, Lee et al. (2017) reported 
that typhoon Ewiniar in 2006 and typhoon Dianmu in 2010 weakened 
the expansion of the CDW by water mixing. These studies suggested that 
2–3 weeks’ period is necessary to recover to the original low salinity 
level after typhoon passage, resulting in delay the inflow of CDW into 
KCWs. During weak and strong CDW years, the occurrence and path of 
typhoons tended to be concentrated in weak CDW years in our study 
area (north of the East China Sea and near Jeju Island) (Fig. 4). In 
addition, the average CRD in 1995, 1999, and 2002 was very high (11.2 
± 0.75 × 104 CMS), but the level of salinity was also relatively high, 
suggesting only a small effect of CDW. Conversely, only two typhoons 
(typhoon Ewiniar in 2006 and typhoon Dianmu in 2010) passed through 
the study area during strong CDW years (Fig. 4B). Although both ty-
phoons were analyzed as contributing to CDW attenuation by Lee et al., 
(2017), both years (2006, 2010) were classified as strong CDW years in 
our analysis. Considering the recovery period (2–3 weeks) of CDW 
proposed by Lee et al. (2017) and Zhang et al. (2018), the passage time 
of typhoons can act as an important factor in the low salinity effect of 
KCWs in August. Among the tracked typhoons during weak CDW years, 
at least one typhoon passed the study area (latitude: 30–40◦N, longitude: 
120–128◦E) from the end of July to the beginning of August. Since there 
were no other typhoons after typhoon Ewiniar passed in early July 2006, 
the time remaining until August is considered sufficient for CDW re-
covery. Whereas, typhoon Dianmu passed in early August when CDW 
was not sufficient for recovery, which could lead to weakening of the 
inflow to southern KCWs. The Three Gorges Dam (TGD), the world’s 
biggest dam, was built on Changjiang River in 2003 (Gao et al., 2013). 
The level of the CRD remarkably decrease in accordance with TGD 

Fig. 6. The relationship of economic losses caused by C. polykrikoides blooms since 2000 and (A) the duration of blooms, (B) the bloom area per day, and (C) the 
cumulative bloom area. Linear regression (red) lines and R2 and p values are also shown. Red symbols and letters indicate strong CDW years. 
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construction (Gao et al., 2013; Mei et al., 2015; Yang et al., 2015). In 
particular, during the wet period, a 7.4% decrease in the CRD was re-
ported in post-TGD decade (2003–2012) compared to pre-TGD decade 
(1993–2002) (Yang et al., 2015). During the same post-TGD period, the 
amount of the CRD in 2010 was about 1.3 times greater than in the weak 
CDW years in 2011 and 2014. This relatively large amount of the CRD in 
2010 may allow to overcome the CDW disturbance by the typhoon and 
led to the rapid recovery of CDW. In 2020 a record high level of pre-
cipitation in China caused an extremely destructive flood, resulting in a 
large CRD. As a result, CDW at a salinity < 26 to a depth of 10 m affected 
Jeju Island (22 August 2020), but with the passage of typhoon Bavi on 27 
August the low salinity water (CDW) immediately dissipated (KMA 2020 
report; Korea Meteorological Administration). These findings suggest 
that when CDW flows into southern KCWs on ocean currents during the 
summer season, typhoons play an important role in moderating the in-
fluence of CDW through strong water mixing; clearly this depends on the 
combination of the passage timing of typhoons in the East Asian region 
and the amount of the CRD. 

4.2. Effect of CDW intrusion on C. polykrikoides blooms in southern 
KCWs 

The geographical distribution and scale (area and duration) of 
C. polykrikoides blooms varied from year to year in KCWs. In particular, 
the C. polykrikoides blooms in 2010 and 2016 were small in area and 
short in duration, which corresponded with widespread expansion of 
CDW. In contrast, there were large-scale C. polykrikoides blooms in 2002 
and 2014, which may have been related to limited spread of CDW. 
However, there were exceptions that deviated from these trends. The 
blooms in 2008, 2012, and 2014 were long in duration but small in area 
(average of 59 days and 2000 km2, respectively), but in 2000 the bloom 
duration was short (29 days) but the area of spread was large (4200 
km2). These historical bloom reports indicate that it is difficult to 
explain the scale of C. polykrikoides blooms based on only one factor. The 
economic losses due to C. polykrikoides blooms, which are closely related 
to the scale of blooms, were positively correlated with bloom area (p <
0.05). In addition, the cumulative bloom area, a parameter that includes 
the bloom duration, showed a high correlation with economic losses 
compared with that for the daily bloom area (Hotelling’s t-test; t =
8.947, p < 0.01), suggesting that it is necessary to incorporate both 
factors (area and duration) in estimating the scale of C. polykrikoides 
blooms. 

The reduction in salinity in our study area, which occurred over an 
area >100,000 km2, was mainly caused by large-scale expansion of 
CDW. Low salinity surface water can accelerate the formation of strat-
ification, resulting in the development of a barrier layer, which reduces 
vertical mixing between warm surface water from cold deep water (Foltz 
and McPhaden, 2009; Godfrey and Lindstrom, 1989; Sprintall and 
Tomczak, 1992; Vialard and Delecluse, 1998). Interestingly, as a results 
of simulation studies using OGCM, it has been demonstrated that low- 
salinity CDW lead to the surface warming in East China Sea and Yel-
low Sea (Delcroix and Murtugudde, 2002; Park et al., 2011). The posi-
tive correlation between the sigma-t and the scale of C. polykrikoides 
blooms, including a trend of relatively small blooms during years of 
extensive expansion of CDW, indicates that massive intrusion of CDW 
has a negative effect on C. polykrikoides blooms. Numerous past reports 
of C. polykrikoides blooms have clarified the ranges of water temperature 
and salinity enabling the growth of this species. Thus, in East Asian 
regions blooms of this dinoflagellate mostly occur at >20 ◦C and salin-
ities from 30 to 33 (Kudela and Gobler, 2012). In laboratory growth 
experiments, C. polykrikoides has been shown to grow well at 20–26 ◦C 
and salinities of 28–36, but has been reported to undergo stress under 
low salinity conditions at water temperatures >25 ◦C (Kim et al., 2004; 
Lim et al., 2019). Lim et al. (2019) reported that a C. polykrikoides strain 
did not grow at 30 ◦C even at salinity close to optimal for growth. High 
water temperature and low salinity (low sigma-t) are the main 

physicochemical properties of CDW, but these two factors varied 
significantly depending on the extent of intrusion of CDW (p < 0.01; 
Table 2). Thus, the average salinity in strong CDW years (29.38 ± 2.36) 
was significantly lower than in weak CDW years (31.3 ± 1.49), but even 
the lowest salinity in 2016 (28.02) was adequate for C. polykrikoides 
growth. On the other hand, in strong CDW years the mean water tem-
perature of 27.95 ± 1.89 ◦C (maximum mean value in 2016: 28.91 ◦C) 
was beyond the optimum range for growth of C. polykrikoides 
(20–26 ◦C). Recent studies have demonstrated that abnormally high 
water temperature in the field, exceeding favorable growth conditions 
(approximately 30 ◦C), have a negative effect on C. polykrikoides blooms 
(Baek et al., 2020a; Lim et al., 2021). Together with these findings, since 
the lowered level of salinity can lead to surface warming, the intrusion 
strength of CDW may be a key factor, controlling C. polykrikoides blooms 
in KCWs. 

In addition to salinity and water temperature, DO and NOx concen-
trations also depended on the strength of intrusion of CDW (Table 2). 
The Changjiang River estuary is a very productive aquatic ecosystem, 
and this is directly related to the large amounts of nutrients in the river 
discharge (Ning et al., 2004). This discharge is the major source of 
terrestrial nutrients (mainly DIN) entering the East China Sea (Chen 
et al., 2010; Zhang, 1996), where an increasing N/P ratio in the surface 
layer generally causes the proliferation of diatoms (Hodgkiss and Ho, 
1997). In general, diatoms, such as genera Skeletonema, Chaetoceros, and 
Pseudo-nitzschia, are dominant taxa in Changjiang River estuary during 
summer season (Jiang et al., 2015; Jiang et al., 2014; Qingshan et al., 
2006). Based on previous studies, the satellite-estimated distributions of 
high Chl-a concentrations match well with that of CDW (Kim et al., 
2009). In addition, satellite images for August 2018–2020 showed a 
similar pattern, in which high Chl-a concentrations originating from the 
Changjiang River estuary flowed into southern KCWs through CDW 
(Supplement 1). Similarly, the influx of phytoplankton communities in 
CDW may be responsible for the high DO concentrations in strong CDW 
years, despite the reduced oxygen solubility due to the high water 
temperature characteristics of CDW. The expansion of phytoplankton 
communities including diatoms carried by CDW may have negative ef-
fects on C. polykrikoides blooms. Based on Lim et al. (2014), diatoms 
Skeletonema and Chaetoceros showed a negative relationship with 
C. polykrikoides; these diatoms inhibited the growth and swimming 
ability of C. polykrikoides. In addition, it has been reported that the 
allelopathic effects tends to appear stronger in the unbalanced nutrient 
ratio (Granéli and Hansen, 2006; Granéli et al., 2008), and this N/P ratio 
in strong CDW years was significantly higher than weak CDW years (p <
0.01; 26 in strong CDW years >18 in weak CDW years). These findings 
suggest that the allelopathy of diatoms on C. polykrikoides may have 
synergistic effect depending on strength of CDW. Studies of the intrusion 
of phytoplankton with CDW, and their allelopathic effects on 
C. polykrikoides, are needed to assess this possibility. Negative effects on 
C. polykrikoides are also possible from other biological and chemical 
factors contained in CDW. For example, many previous studies have 
demonstrated algicidal bacterial effects on C. polykrikoides (Jeong et al., 
2005; Jeong et al., 2003; Kim et al., 2008), and it is known that the 
concentrations of persistent organic pollutant (POPs) including organ-
ochlorine pesticides (e.g., DDTs, HCHs) are higher in the offshore area 
north of the Changjiang estuary compared to the southern area (Li et al., 
2014). Consequently, physiochemical and biological changes associated 
with massive intrusion of CDW may be important in determining 
C. polykrikoides population dynamics. Further study of microbial and 
chemical components included in CDW is needed to assess their effects 
on HABs, including those caused by C. polykrikoides. 

5. Summary 

Based on environmental and red tide data covering approximately 
two decades, in this study a correlation was found between annual 
fluctuations in the intrusion of CDW into southern KCWs and the scale of 
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C. polykrikoides blooms. The annual volume of CDW (represented by the 
CRD) is mainly attributed to the ENSO, which controls the amount of 
precipitation falling in the Changjiang River catchment, but all of the 
CDW volume cannot be fully introduced into southern KCWs because of 
water mixing caused by typhoons during the inflow process. The scale of 
C. polykrikoides blooms was negatively correlated with the strength of 
the CDW intrusion. In addition, we found that it is possible to estimate 
the scale of C. polykrikoides blooms by considering both the bloom area 
and duration. Among the factors affected by massive intrusion of CDW, 
an increase in water temperature accelerated by low saline CDW is 
probably a major inhibitor of C. polykrikoides blooms. However, the 
influence of other biological and chemical factors in CDW may also in-
fluence bloom occurrence. Thus, in this study, the possibility that the 
conditions in CDW act to inhibit C. polykrikoides was confirmed. Further 
analysis of biomes and chemical s is necessary to clarify other factors 
inhibiting C. polykrikoides in CDW. 
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