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Chapter 1 

General introduction 

 

1.1 Climate change and its impact on coastal ocean 

In recent years, much attention has been directed to the long-term changes in biotic and 

abiotic environment in ocean (Harley et al., 2006; Hollowed et al., 2009). Above all things, 

variations in seawater temperature associated with global climate change particularly play an 

important role in atmosphere–ocean interactions through heat exchange and can affect marine 

ecosystems (Heyward, 1997; Neumann, 2010; Iida et al., 2012; Brochier et al., 2013). As an 

example of the relationships between climatic conditions and seawater temperature, the Pacific 

decadal oscillation (PDO) and El-Nino/Southern Oscillation (ENSO) are both related to sea 

surface temperature (SST) around Japan (Nakamura et al., 1997; Gordon and Giulivi, 2004).  

From a marine ecological viewpoint, variations in water temperature can also result in a 

change in species composition, distribution, productivity, and mortality of marine organisms. 

For example, the fish community structure has changed with variations in seawater temperature 

related to climatic regime shifts in the Sea of Japan (Tian et al., 2006). The latitudinal shift of 

fish distributions occurred corresponding to the warming trend in seawater temperature in the 

North Sea (Perry et al., 2005). The phytoplankton concentration in the North Pacific has 

declined since the 1900s (Boyce et al., 2010). The variations in water temperature is also known 

to have an influence in a smaller scale. A significant shift in the composition of coral species 

has occurred in Daya Bay, located in the northern part of the South China Sea between 1977 

and 1993, corresponding to the increase in winter SST (Chen et al., 2009). The winter-spring 

phytoplankton bloom has declined over the last two decades due to the warming of water 

temperature in the Bay of Calvi, located in the northwestern Mediterranean Sea (Goffart et al., 

2002). Cook et al. (1998) found that SST in Chesapeake Bay showed a significant warming 

trend in winter during the 1950s–1990s, which resulted in the outbreak of Perkinsus marinus 

epizootic in the northeastern United States. These studies suggest that the warming of seawater 

temperature commonly occur and is possibly caused by global climate change. 

Several studies have been conducted on the long-term variations in seawater 

temperature in the coastal seas of Japan (Tomosada, 1994; Noguchi, 2001; Yamamoto, 2003). 

Productions of laver culture and shellfish fisheries in Tokyo Bay have declined since the 1960s. 

Regarding this phenomenon, Ishii et al. (2008) suggested that SST in Tokyo Bay during 1948 
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–2005 decreased in summer and increased in autumn–winter, and speculated that the decline of 

laver culture production was possibly caused by the increase in the water temperature in 

autumn–winter. In contrast, Ando et al. (2003) pointed out that these phenomena in Tokyo Bay 

could have been caused by an increase in the inflow from outer ocean characterized by colder 

water in summer and warmer water in winter than water inside of the bay. Similarly, SST in 

Fukuoka Bay tended to decrease in April–August and increase in September–March from 1975 

to 2001 (Kondo et al., 2005). They showed that these trends could have been a result of the 

enhancement of estuarine circulation in summer and increased SST in the open ocean in winter. 

These previous studies imply that long-term trends of SST decrease in summer and increase in 

winter occurs in broad area. Quantitative explanation of the long-term temperature change has 

not been revealed in the coastal ocean because of the complexity of the environments. In 

addition, considering those spatially common phenomena, it is expected that those phenomena 

might be caused by large-scale atmospheric changes, and global climate change is a key factor 

controlling SST variations even in coastal waters.  

 

1.2 Physical and biological characteristics of the East China Sea 

The East China Sea (ECS) is known as one of the highest productivity zones in the 

Large Marine Ecosystems (LMEs, Sherman et al., 2009). This high productivity is supported 

by the freshwater discharges from Yangtze River (Gong et al, 2006). A number of 

commercially valuable fisheries resources therefore inhabits this sea, and the area has an 

important role as spawning and nursery grounds for many fishes such as yellowtail (Seriola 

quinqueradiata), jack mackerel (Trachurus japonicus) and Japanese common squid 

(Todarodes pacificus) (Murayama 1991; Yoda et al., 2004; Hatanaka et al., 1967). The western 

Kyushu is located in the continental margin of the ECS, and the hydrodynamics is strongly 

influenced by the Kuroshio and the Tsushima Warm Current (Katoh et al., 1996). This local 

region is important for the fish growth and survival because the Kuroshio and the Tsushima 

Warm Current transport larvae and juveniles from the southern spawning ground to the waters 

off western Kyushu (Sassa et al., 2006; Okazaki and Nakata, 2007). 

It is also noted that the area is one of the fastest warming oceans in the LMEs (Belkin, 

2009), and the SST in the ECS has increased by 0.6˚C since the 1960s (Fig. 1.1). In addition, 

this sea is also regarded as the area where the human impact on marine ecosystems is large 

(Halpern et al., 2008). Therefore, the signs of the changes in the marine ecosystems are likely 
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to appear earlier than the other seas, and hence it is urgent to recognize the mechanism of the 

responses of fisheries resources to the climate change in the ECS and its marginal seas.  

Omura Bay, located in northwestern Kyushu is characterized by enclosed sea. It has been 

pointed out that fisheries catch of pelagic and demersal fishes in the bay has decreased since 

the 1970s (Nagasaki Prefecture, 2006). In addition, recent outbreaks of red tides of the 

dinoflagellate Heterocapsa circularisquama that originates from tropical ocean, could damage 

the oyster cultures in this bay. These problems are possibly due to environmental degradation. 

However no studies have reported the long-term environmental condition changes in the bay, 

and therefore its effect on the fishery resources also remained to be delineated. 

 

1.3 Climate change and fisheries resources 

Since the fisheries resources are highly vulnerable to the environmental changes in the 

ocean (Brander, 2010), mechanisms of fluctuations in fisheries resources needs to be 

understood for the sustainable fisheries management (Perry et al., 2010). In the western coast 

of Kyushu, Japanese anchovy (Engraulis japonicus) is one of the most important commercial 

fisheries resources. In the coastal waters around Japan, the anchovy population consists of 

three major stocks, namely the Pacific stock, the Tsushima Warm Current stock and the Seto 

Inland Sea stock (Zenitani et al., 2007). Anchovy off the western coast of Kyushu are 

classified as the Tsushima Warm Current stock, and have been harvested using purse-seine 

mainly targeting juvenile and immature stages (Tanaka et al., 2010). The annual catch of 

juvenile and immature anchovies in Nagasaki Prefecture exceeds 50 thousand tons (Fig. 1.2). 

It is well known that anchovy has exhibited multi-decadal fluctuations (Kawasaki, 1983; 

Lluch-Belda, 1989) synchronizing with ocean-climate regime shifts (Schwartzlose et al., 1999; 

Chavez et al., 2003). One possible explanation is “optimal growth temperature“ hypothesis 

proposed by Takasuka et al. (2007). The variation in ambient temperature induced by oceanic 

regime shifts could regulate the stock fluctuations through the growth and survival of larvae. In 

the western North Pacific, fluctuations in abundance of small pelagic fishes such as the 

Japanese anchovy, the Japanese sardine (Sardinops meranostictus) and the Japanese jack 

mackerel are known to correspond to PDO (Takasuka et al., 2008).  

In the waters off northwestern Kyushu, the spawning of anchovy typically occurs from 

March to May with a peak in April in the Goto-Nada Sea (Yamashita, 1984), and eggs and 

larvae are gradually dispersed to the northern area. Furthermore, Tanaka et al. (2010) have 
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investigated the origin of larval anchovy caught in coastal fishing ground in Nagasaki 

Prefecture by analyzing carbon and nitrogen stable isotope ratios, and suggested that the 

spring-spawned anchovy larvae originate from the offshore region, and migrates, or are 

transported, to the nearshore fishing areas. It is assumed that spring-spawning anchovy has a 

reproductive strategy utilizing the offshore warm water as a spawning ground and the inshore 

food-rich water as a nursery ground (Kozasa, 1975). Thus, the disruption of the connectivity 

between spawning and nursery grounds could exert a serious influence on their successful 

recruitment (Gaines and Bertness, 1992; Cowen and Sponaugle, 2009). Of multiple factors 

affecting fish recruitment, the transport process during early life stages could be a crucial 

factor particularly in the regional scale. Therefore, the transport process would be one of the 

important factors controlling their recruitment variability. This species also has an important 

role in the marine ecosystems as a food source for predatory fishes (Yamanaka et al., 1963), 

and hence the fluctuation in anchovy stock would have a major influence on the other species 

population dynamics. 

Intergovernmental Panel on Climate Change (IPCC) announced that the warming trend 

in global climate system is now an undisputed fact and the human activities probably would be 

main factor explaining the observed warming trend in the 21th century (IPCC, 2013). Global 

warming certainly affects marine ecosystems, and several studies have been projected to 

clarify various effects of global warming on fish recruitment (Stenevik and Sandby, 2007; 

Lehodey et al., 2010). However, future fluctuation in the fisheries resources in the regional 

seas is still unclear. 

 

1.4 Objectives and structure of the following chapters 

 The aims of this study are to clarify the effects of climate change on the coastal ocean 

environment and to investigate its influence on the Japanese anchovy as a proxy of important 

fisheries resources, which is responsive to climate change. In Chapter 2, long-term change in 

ocean-atmospheric changes in Omura Bay is investigated with a special interest of relationship 

with large-scale climate change. In Chapter 3, an influence of environmental change such as 

the seawater temperature and wind on the anchovy catch is investigated. In Chapter 4, the 

transport process of anchovy eggs and larvae is examined using a coupled hydrodynamic and 

particle tracking model. After investigating the present climate and fisheries resources 

relationship, future projection of the regional ocean and climatic changes, and its impact on 
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fisheries resources are discussed focusing on transport conditions and biological factors in 

Chapter 5. Based on the results obtained throughout this study, the impacts of climate change 

on regional ocean environment and fisheries resources are discussed in Chapter 6. 

Contributions of this study to the natural environmental science and future works are also 

discussed. 
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Fig. 1.1     Horizontal distribution of the SST difference between 1960s and 
2000s around Japan based on the hindcast data of the Ocean General 
Circulation Model for the Earth Simulator. �
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Fig. 1.2     Times series of the total catch of Japanese anchovy in Nagasaki 
Prefecture.�
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Chapter 2 

Long-term trends in ocean-climate conditions in coastal sea 

 

Seawater temperature is one of the determinant factors that influence on the distribution, 

growth and survival of marine organisms. For the understanding of fluctuation mechanism of 

fisheries resources, seawater temperature variation and its controlling factor should be revealed. 

In this chapter, to clarify the effect of climate change on the physical environment in the 

coastal sea, long-term SST variation in Omura Bay was investigated. In particular, the 

controlling factors of the long-term SST variations were clarified through the sea surface heat 

balance analysis. The relationship between regional ocean-climatic conditions and global 

climate change is discussed. 

 

2.1 Data and methods 

2.1.1 Study site 

Omura Bay is an enclosed bay located in the central Nagasaki Prefecture, Japan (Fig. 

2.1). The width and length of the bay are approximately 10 and 26 km, respectively. The area 

and average depth of the bay are approximately 320 km2 and 14.5 m, respectively (Iizuka and 

Min, 1989). The bay is connected to neighboring Sasebo Bay and further to the ECS mainly 

through Hario Strait, a narrow passage with 200 m width and 30 m mean depth. This 

geographic feature causes quite small tidal transport and exchange of the seawater with the 

outer seas. 

 

2.1.2 Seawater temperature and specific gravity 

Seawater temperature and specific gravity were measured daily at 10 a.m. from January 

1955 to January 1995 by the National Pearl Research Laboratory at a coastal station having a 

depth of 5.0 m (Fig. 2.1). Measurement depths were 0, 0.5, 1.0, 2.0 and 3.0 m. Missing data 

were inserted into the data set using linear interpolation. This study focused on SST for the 

following analysis. The SST data in the north part of the ECS (refer to 

http://www.data.kishou.go.jp/kaiyou/shindan/a_1/japan_warm/japan_warm.html) in summer 

and winter during the period of 1900-2009 were obtained from the Japan Meteorological 

Agency (JMA). 
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2.1.3 Climatic and meteorological data 

Meteorological data, such as air temperature, solar radiation, wind speed, amount of 

cloud, atmospheric pressure, vapor pressure, and sea level pressure (SLP), were obtained from 

the Nagasaki Marine Observatory, JMA (Fig. 2.1). The daily averaged data for 34 years from 

January 1961 to December 1994 were used for estimating the sea surface heat balance. To 

investigate the influence of global climate change on the SST variations in Omura Bay, the 

monsoon circulation over East Asia was also examined. The East Asian summer monsoon 

index (EASMI) was used for the analysis in summer (June–August). EASMI is defined as the 

normalized zonal wind shear between 850 and 200 hPa averaged over 20˚–40˚N and 110˚–

140˚E in summer (Han and Wang, 2007). The 2.5˚ × 2.5˚ square grids supplied by the National 

Centers for Environmental Prediction/National Center for Atmospheric Research 

(NCEP/NCAR) was used for calculation of the EASMI. EASMI was then compared with the 

mean summer wind speed, the air temperature and SST in Omura Bay. As for the effect of the 

winter (December–February) monsoon circulation, the East Asian winter monsoon index 

(EAWMI) proposed by Watanabe (1990) was used for the analysis. This index is characterized 

by a strong northwesterly wind, and it is defined as the difference in SLP between Irkutsk, 

Russia, and Nemuro, Japan. The monthly average SLP data at Irkutsk and Nemuro were also 

obtained from NCEP/NCAR. Similar to the analysis of EASMI, EAWMI was compared with 

the mean winter wind speed, the air temperature, and SST. 

 

2.1.4 Methods for calculating sea surface heat balance 

In order to detect factors affecting the SST variations, the heat balance analyses for 

August and January were conducted. Heat exchange through the atmosphere–ocean interface is 

given as follows. The net heat flux (QNET) consists of the incoming shortwave radiation flux 

(QSW) and the outgoing flux from the sea surface to the atmosphere such as the longwave 

radiation flux (QLW), latent heat flux (QE), and sensible heat flux (QH). It should be noted that 

positive values of QSW represent the downward flux to the sea surface, while negative values of 

QLW, QE and QH are upward fluxes representing heat loss from the sea surface to the 

atmosphere.  

The sea surface absorption of shortwave radiation flux QSW (W m−2) is estimated as 

follows, 
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)1( α−= SQSW  (2.1) 

 

where S (W m−2) is the observed solar radiation at Nagasaki, α is the albedo at the sea surface. 

The α values of 0.06 and 0.09 were used in August and January, respectively (Budyko, 1956). 

Net flux of the longwave radiation QLW (W m−2) is represented by the difference between the 

incoming and outgoing longwave radiations from the atmosphere and the sea surface. This flux 

is estimated by a following equation (Clark et al., 1974), 

 

)(4)1)(00495.039.0( 322/14
ASSSLW TTTkCeTQ −−−−−= εσεσ  (2.2) 

 
where TA and TS are absolute air temperature and SST (K), respectively, and e is the 

atmospheric vapor pressure (hPa). C is the amount of cloud. Constants ε (= 0.98), σ (= 

5.670×10−8 W m−2 K−4) are the ratio of sea surface radiation to a black body, the Stefan–

Boltzmann constant, respectively. k is the cloud coefficient which is a function of latitude, and 

0.65 was applied with reference to Nakamura et al. (1989).  

QE (W m−2) is latent heat caused by evaporation, and QH (W m−2) is sensible heat 

generated by the difference between water and air temperatures. QE and QH are calculated by 

bulk formulas as follows, 

 

WqqLCQ ASEAE )( −−= ρ  (2.3) 

WTTCCQ ASHPAH )( −−= ρ  (2.4) 

 

CE and CH are transfer coefficients of latent and sensible heat. These values are calculated 

considering its dependence on the wind speed and atmospheric stability proposed by Kondo 

(1975). The variable qA denotes specific humidity, qS denotes saturated specific humidity at 

seawater temperature and W denotes wind speed (m s−1). It should be noted that the wind speed 

observed at Nagasaki Airport (Fig. 2.1) is generally 1.5–2.0 times stronger than that of 

observed at Nagasaki Marine Observatory due to the geographic feature of Omura Bay which 

is surrounded by mountains on west and east sides. Therefore, wind speed data observed at 

Nagasaki in each month was corrected by the regression analysis using wind speed at Nagasaki 
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Airport (available since January 1997). The coefficients of determination of the regression 

between wind data at Nagasaki Marine Observatory and Nagasaki Airport were 0.54–0.78 

from January to December. ρA is density of the air expressed as a function of temperature and 

sea level pressure. Constant CP (=1.006 × 103 J K−1 m−3) is the specific heat at constant 

pressure. L is latent heat of evaporation which is dependent on the temperature. 

 

L = (2.501-0.00237TS)×1010 (2.5) 
 

From these equations, net heat flux QNET (W m−2) is determined as follows, 

 

HELWSWNET QQQQQ +++=  (2.6) 

 

Because of the limitation of available data, this calculation was conducted during 1961–1994 

with a time step of one day.  

Net heat budget at the seas surface consists of surface and horizontal fluxes, however, 

Hyodo and Gotoh (2000) estimated tidal exchange ratio of Omura Bay to be 0.2–0.4% per a 

tidal day using a numerical simulation. In addition, Hamada and Kyozuka (2001) also 

evaluated the value of tidal exchange ratio to be 5% per 10 days using a numerical model. 

Since horizontal heat transport could be quite small due to very small tidal exchange between 

the bay and outer seas, the horizontal heat exchange was neglected in the present analysis. In 

addition, because of the limitation of available data, long-term change in the effect of vertical 

mixing was not discussed in this study. 

 

2.2 Results 

2.2.1 Long-term variations in seawater temperature 

The long-term variations in SST in Omura Bay were in the range of 4.7–32.3˚C with an 

averaged SST of 18.4˚C during 1955–1995 (Fig. 2.2). Monthly averaged SST reached a 

maximum in August (28.6˚C) and a minimum in February (8.3˚C), as shown in Figure 2.3. 

Hereafter, heating and cooling periods are defined as periods from March to August and from 

September to February, respectively according to the annual cycle of heat flux. Definitions of 

the heating and cooling periods are described in some detail in a later section. 

11



The SST trends determined by linear regressions revealed a decrease in the heating 

period and an increase in the cooling period except for September (Table 2.1). The rate of SST 

decrease in the heating period was highest in August (−0.020˚C year−1, Table 2.1). SST in 

August decreased by approximately 0.8˚C over 40 years based on the regression line (y = 

−0.020x + 28.97, R2 = 0.05, p = 0.13, Fig. 2.4a). In contrast, the highest rate of increase in SST 

in the cooling period occurred in January (0.028˚C year−1, Table 2.1). The increase in SST of 

approximately 1.2˚C in January over 40 years was estimated from the regression line (y = 

0.028x + 8.21, R2 = 0.10, p < 0.05, Fig. 2.4b).  

 

2.2.2 Sea surface heat balance 

Annual cycle of heat fluxes and meteorological parameters averaged for 1961–1994 are 

described in Figure 2.5 and 2.6, respectively. Monthly averaged QNET reached a maximum in 

July and a minimum in November. QSW reached a maximum in July and a minimum in 

November, corresponding to the annual cycle of solar radiation (Fig. 2.6). The amount of 

outgoing heat such as QLW, QE and QH was higher in the cooling period than in the heating 

period, in response to annual cycle of air temperature, wind speed and vapor pressure (Fig. 2.6). 

Note that air temperature in August (27.6˚C) is lower than SST in August (28.6˚C) in this bay 

(Figs. 2.3 and 2.6). In this study, the heating period was defined as March to August and 

cooling period as September to February, based on the sign of the annul cycle of QNET. 

Long-term trend in QSW showed a significant decreasing trend in both August (rS = −0.492, p < 

0.01, Fig. 2.7a) and January (rS = −0.605, p < 0.01, Fig. 2.7b). Decreasing trends in QE and QH 

were also found in both August and January (Figs. 2.7a and b), but only QE was significant. 

To elucidate the factors controlling SST, correlations between QNET and each component 

of the heat flux were analyzed for both August and January. These results are summarized in 

Table 2.2. In August, QNET showed a significant positive correlation with QSW and negative 

correlations with QLW, QE, and QH. In January, no significant correlation was obtained between 

QNET and QSW, QLW, however, QNET was significantly negatively correlated with QE and QH, as 

shown in Table 2.2. As the results of comparison between SST and each heat flux, QSW, QE and 

QH showed significant correlations with the SST in August (Table 2.3). On the other hand, only 

QH showed a significant correlation with the SST in January. 
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2.2.3 Long-term trends in climatic and meteorological parameters  

On the basis of the results of the heat flux estimation, the long-term variations in 

meteorological parameters, which could be particularly important in determining the variations 

in heat fluxes were further investigated. Figure 2.8 shows long-term variations in the 

meteorological parameters. Note that to detect the critical factors controlling SST, this study 

particularly focused on the meteorological parameters determining the heat flux variation. As 

mentioned in the previous section, QSW, QLW, QE and QH components of the heat flux showed 

significant correlations with QNET in August. In addition, solar radiation and the wind speed in 

August decreased by approximately 38.4 W m−2 (y = −1.441x + 239.5, R2 = 0.23, p < 0.05) and 

1.1 m s−1 (y = −0.0325x + 4.8, R2 = 0.37, p < 0.05), respectively, during 1961–1994, as shown 

in Figure 2.8a. 

In contrast, in January, QNET showed significant correlations with QE and QH (Table 2.2). 

As shown in Fig. 2.8b, the air temperature in January increased by approximately 1.65˚C (y = 

0.050x–5.638, R2 = 0.11, p = 0.06), while the wind speed in January decreased by 

approximately 2.0 m s−1 (y = −0.062x + 6.1, R2 = 0.51, p < 0.01) during 1961–1994.  

 

2.2.4 Relationship between East Asian monsoon circulation and wind 

As mentioned in the previous section, the significant decreasing trend in the wind speed 

was detected in both August and January. The wind speed decrease observed at Nagasaki could 

be affected by changes in the large-scale atmospheric circulation. Thus, EASMI was compared 

with the mean summer wind speed observed at Nagasaki, the air temperature and SST. 

Long-term variations in EASMI and the mean summer wind speed are shown in Figures 2.9a 

and b, respectively. It is clear that EASMI has decreased during 1955–1995, and the mean 

summer wind speed also tended to decrease, corresponding to the decrease in EASMI. 

Moreover, EASMI showed significant correlations with the mean summer wind speed, the air 

temperature and SST, as shown in Figures 2.10a–c, respectively. As for winter, EAWMI was 

compared with the mean winter wind speed, the air temperature, and SST averaged from 

December to February. As the results, EAWMI also showed a decreasing trend during the 

study period (Fig. 2.9c), and the mean winter wind speed tended to decrease, corresponding to 

the decrease in EAWMI (Fig. 2.9d). It is evident from Figures 2.10d–f that EAWMI also 

significantly correlated with the mean winter wind speed, the air temperature and SST. 
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2.3 Discussion 

In this study, it was revealed that SST in Omura Bay has decreased and increased in the 

heating period and cooling period during 40 years, respectively. In addition, sea surface heat 

balance analysis detected that solar radiation was a primary factor contributing to the SST 

variation in the heating period. Furthermore, the SST trend in the cooling period was primarily 

related to the trends in air temperature and the wind speed. These results indicate that the 

dominant process influencing the SST variation differs in the heating and cooling periods. In a 

previous study, Tanaka and Nakajima (1975) investigated the seasonal heat balance in the 

Hiuchi-nada Sea, located in the Seto Inland Sea, and pointed out that the shortwave radiation 

flux was the dominant factor in the variation of water temperature in summer, whereas latent 

and sensible heat fluxes controlled the SST variation in winter. Ishii and Kondo (1987) also 

studied seasonal variations in sea surface heat balance in the ECS and found that solar 

radiation and horizontal heat transport played a primary role in the heating process in summer, 

and latent and sensible heat fluxes became dominant in the cooling process in winter.  

Based on the above mechanism of SST variation, it is suggested that in Omura Bay, the 

SST in August was closely associated with the reduction of solar radiation, further indicating 

that sunlight reduction caused the SST decrease in the heating period because of reduction of 

incoming heat. In fact, extremely low shortwave radiation was detected in 1980 and 1993 (Figs. 

2.7a and 2.8a), and the lowest and the second-lowest SST were observed in Omura Bay during 

these two years (Fig. 2.4). Another factor contributing to the SST variation in August was wind 

speed. A significant decreasing trend in the wind speed was detected in August. This trend can 

be explained by the effect of EASM. The EASM circulation is mainly driven by pressure 

gradients between the high pressure over the South China Sea and the western North Pacific 

and the low pressure over East Asia (Ding, 1994). Xu et al. (2006) reported that the decreasing 

trend in the wind speed was consistent with the weakening of EASM over China during 1969–

2000. Li et al. (2010) showed that an interdecadal warming trend in SST in the tropics of the 

central and eastern Pacific is the primary cause of the weakening of EASM. An obvious 

decreasing trend in the mean summer wind speed was detected in summer in this study, and the 

mean wind speed, the air temperature and SST in summer were positively correlated with 

EASMI. These results imply that the weakened EASM circulation potentially causes the SST 

increase through heat accumulation at the sea surface due to the decrease in the wind speed 

during summer. In order to quantitatively verify the potential effect of those changes in 
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meteorological conditions on SST variation, the SST change between 1961 and 1994 was 

calculated. The calculated SST (Tcal.) can be estimated by the following equation. 

 

����� � ����� �
�

�����
 (2.7) 

 

The initial temperature (Tini.) for August and January are defined as the SST in preceding 

month such as July and December, respectively. σS (kg m−3) is the seawater density averaged 

for 34 years, the value of 1019 and 1025 are used for August and January, respectively. 

Specific heat of seawater CPW is 4.2 × 103 J kg−1 K−1. The depth of the turbulent mixing layer 

(h) in Omura Bay in summer is assumed to be 7.5 m in August according to Nakamura and 

Furushima (2000), and 14.5 m in January assuming the vertical mixing to the bottom. Q (W 

m−2 day-1) is the amount of the heat at the sea surface. Since this study focuses on the effect of 

the meteorological factor primarily contributing variation in heat flux, the sum of QSW, QLW, QE 

and QH was substituted Q in August, whereas the sum of QE and QH was applied to Q in 

January, based on the results of the correlation analysis (Table 2.2). Using Eq. (2.6), Tcal. in 

August 1961 was estimated to be 31.52˚C, whereas 30.37˚C in August 1994 (Table 2.3). Thus, 

the decrease in the SST in August was estimated to be 1.15˚C for obtaining the decrease of 

17.62 W m−2 due to the greater decrease of QSW than QE and QH. This simple estimation 

indicates that change in the amount of the surface heat alone potentially have the effect of 

lowering SST approximately 1.0˚C during 34 years. Although this analysis could not estimate 

the contribution of horizontal heat exchange on SST change in Omura Bay, Ishii and Kondo 

(1993) suggested the dominant contribution of the horizontal heat transport in summer in the 

ECS, thus discrepancy between estimated SST change (-1.15˚C) and observed value (-0.70˚C) 

might be occurred by neglect of horizontal heat exchanges. 

In contrast, the increasing trend in SST in January was largely associated with the 

increase in the air temperature. The decrease in the wind speed also contributed to the increase 

in SST through the decrease in the amount of heat loss from the sea surface to the atmosphere 

as latent heat and sensible heat. The possible reason for the increase in the air temperature and 

the decrease in the wind speed is the weakened EAWM circulation, which covers the 

mid-latitudes of the western North Pacific, including Japan (Yasuda and Hanawa, 1999). 
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Watanabe (1990) showed that EAWMI has a significant negative correlation with winter SST 

in the western part of the mid-latitudes of the North Pacific, and strong EAWM is associated 

with low SST in the northern part of the subtropical gyre in winter (Suga and Hanawa, 1995). 

Yeh and Kim (2010) showed a warming trend in winter SST in the Yellow/East China Seas 

(YES) during 1950–2008. They reported that a decrease in the northerly wind associated with 

the weakening of EAWM could result in a decrease in the latent heat and an increase in SST in 

the YES. Furthermore, Hori and Ueda (2006) estimated the impact of global warming on the 

EAWM circulation with an atmosphere–ocean general circulation model. Under the global 

warming scenario, their model showed weakening of the EAWM circulation. Further, Xu et al. 

(2006) indicated that the decreasing trend in the wind speed and the increasing trend in the air 

temperature over China corresponded to the weakening of EAWM during 1969–2000. An 

obvious decreasing trend in EAWMI could potentially influence an increase in the air 

temperature and SST in Omura Bay through a decrease in the wind speed. A weakened 

EAWM circulation leads to weak winds and reduces the advection of cold air masses from 

Eurasia in winter, therefore, consequently the winter air temperature and SST become 

relatively high compared to the year in which EAWM is strong. In fact, extremely strong 

EAWM was observed in 1963, resulting in strong wind, a low air temperature, and low SST 

(Figs. 2.4b and 2.8b). Note that the SST continued to increase since 1987 causing warming 

trend in the SST, and this sudden change was triggered by the negative phase of EAWMI since 

1987. These results indicate that the winter SST warming trend is largely associated with the 

large-scale atmospheric circulation. In the same manner as August, calculated SST was 

estimated to be 8.78˚C in January 1961, whereas 10.37˚C for January 1994 obtaining 28.19 W 

m−2 decrease in heat loss caused by the weakened wind speed (−2.0 m s−1) and the increased air 

temperature (1.65˚C) between 1961 and 1994. Thus, SST increase in January was estimated to 

be 1.59˚C (Table 2.3), and this is almost consistent with observed SST increase 1.25˚C.  

The increase in the SST has potential to impact on the biological and ecological 

perspective in the bay. The red tide caused by Heterocapsa circularisquama in Omura Bay 

was first recorded in 1995. Since this species cannot survive at 10˚C or lower (Matsuyama, 

2004), SST rise in cooling period could benefit this species surviving during winter and make 

its red tide occurrence possible from summer to autumn. If the warm winter trend continues, 

red tide by Heterocapsa circularisquama would become a more serious concern for 

aquaculture industry such as pearl and oyster cultures in the bay.  
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The effects of large-scale climate change on SST variations are not limited only to 

Omura Bay. In fact, similar trends of SST in this bay have been reported in many coastal seas 

(e.g., Chen et al. 2009; Ishii et al. 2008; Kondo et al. 2005; Paraso and Valle-Levinson, 2009; 

Rouault et al., 2010). Moreover, the reduction of solar radiation was reported in a number of 

worldwide sites, for example, Germany, Russia, Turkey, Canada, Hong Kong, New Zealand, 

China and Japan as “global dimming” (Abakumova et al., 1996; Aksoy, 1997; Cutforth and 

Judiesch, 2007; Liepert et al., 1997; Liley, 2009; Sato and Takahashi, 2001; Stanhill and Kalma, 

1995; Yang et al., 2009). In addition, using the Global Energy Balance Archive data, Liepert 

(2002) reported that solar radiation in the United States showed a decrease of 19 W m−2 during 

1961–1990. Furthermore, they pointed out that this decrease in solar radiation was attributed to 

an increase in aerosol emission and evaporation caused by global warming. The increase in 

evaporation and aerosol emission could have a synergistic effect, leading to an increase in cloud 

cover and a decrease in sunlight. Wild (2009) described potential impact of increased regional 

aerosol emission on large-scale dimming through the intercontinental aerosol transport, 

therefore, observed decline of the solar radiation at Nagasaki during the1960s to the 1990s 

could be related to the global dimming (Fig. 2.11).  

Although this study focused on the coastal bay, atmospheric conditions are able to impact 

on the entire ECS. Long-term variations in SST in the ECS in summer and winter during the 

period of 1900-2009 are shown in Figure 2.12. The SST in the ECS tended to increase both in 

summer (0.008˚C year-1) and winter (0.016˚C year-1), however, for the period of 1955–1995, 

which was analyzed in the present study, showed a decreasing trend in summer (-0.007˚C 

year-1) and an increasing trend in winter (0.011˚C year-1). These variations were significantly 

correlated with the SST in Omura Bay (Fig. 2.13). As expected, the SST in the ECS 

significantly correlated with the monsoon index both in winter and summer (Fig. 2.14). 

Therefore, SST variations in the ECS may also be regulated by the same mechanism indicated 

in Omura Bay. 

In this chapter, long-term trends of the SST in Omura Bay and their possible causes 

were investigated by primarily using surface heat flux analysis. Although only a small tidal 

exchange occurs because of the narrow entrance of the bay, horizontal heat exchange between 

the bay and the outer seas is necessary for any future study to explore the interaction between 

the ECS and Omura Bay in more detail. 
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Fig. 2.1     Location of the study area including Omura Bay. The closed circle 
shows the observational station at which water temperature and specific gravity 
were measured during 1955–1995. The open circle shows the location of the 
Nagasaki Marine Observatory, Japan Meteorological Agency. References in the 
lower panel indicate previous studies reporting the SST trends.�
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Fig. 2.2     Time series of daily SST during 1955–1995. A horizontal line shows 
the averaged SST (18.4˚C) for 40 years. �
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Fig. 2.3     Annual cycle of SST averaged for 1961–1994.�
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Fig. 2.4     Time series of monthly mean SST in August (a) and January (b) during 
1955–1994. Bold lines show liner trends calculated by the method of least squares.�
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Fig. 2.5     Annual cycle of heat fluxes averaged for 1961–1994. �
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Fig. 2.6     Annual cycle of meteorological parameter averaged 
for 1961–1994.�

���?�

���� �������� ���� ��@ �[	� �[
� �[�� ��� ��?���\� ���

�

��

��

��

��

��

��

���

���

���

���

�

���

���

���

���

���

���

���

���

����

����

����

����

����

����

�

��

��

��

��

��

�
��

��
�
��
��
��
��


�	



�
��

�
�
�
�
�

?��
�


��

�

��
�

�
��
�

��
��
�


��

��

� �



��
��

��
��
�

�
��
��


�
��
��
��
�


� 
��

�
��

�

��

��
�
�

	�




�	
�


��
��

�

�� ������� �����@ [�� [�� �[�� ���� ��?� ��\� ����

23



Fig. 2.7     Time series of monthly averages of heat fluxes in August (a) and January 
(b). Straight lines show liner trends calculated by the method of least squares. �
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Fig. 2.8     Time series of monthly mean meteorological parameters (air temperature, 
solar radiation and wind speed) at Nagasaki Marine Observatory in August (a) and 
January (b) between 1955 and 1994. Regressions are fitted in parameters which could 
be important in determination of heat fluxes variation. �
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Fig. 2.9     Time series of the standardized East Asian monsoon index and seasonal 
mean wind speed during 1955–1995. East Asian summer monsoon index (EASMI) (a), 
mean summer wind speed (b), East Asian winter monsoon index (EAWMI) (c), and 
mean winter wind speed (d). ** represents p < 0.01. �
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Fig. 2.10     Correlations between the East Asian summer monsoon index and mean 
summer wind speed (a), air temperature (b), and SST (c), and correlations between the 
East Asian winter monsoon index and mean winter wind speed (d), air temperature (e), 
and SST (f). ** and * represent p < 0.01 and p < 0.05, respectively. Straight lines show 
liner trends calculated by the method of least squares. �
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Fig. 2.11     Schematic diagram of the impact of large-scale climate change on local-
scale oceanic-climatic conditions. �
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Fig. 2.12     Long-term variations in SST in the East China Sea during 1900-2009. summer 
(a) and winter (b). Straight lines show the regression.�
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Table 2.1     Rate of SST variation in each month during 
1955–1994 and Spearman rank correlation coefficient rS.�
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Table 2.2     Coefficient of correlation (r) between each heat flux 
and net heat flux (QNET). 	

Table  2.  Coefficient  of  correlation  (r)  of  each  heat  flux  with  net  heat  flux  (Q
NET
).

Q
SW

Q
LW

Q
E

Q
H

Heating  period  (Aug.) Cooling  period  (Jan.)

0.706*

-0.352*     

-0.490*

-0.580*

0.226

-0.252

-0.736*

-0.798*

*represents  p  <  0.01.

*	

*	

*	

*	

*	

*	

*	
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Table 2.4     List of the initial temperature (Tini.), amount of heat 
(Q) and calculated temperature (Tcal.) in 1961 and 1994. �
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Chapter 3 

Effect of wind-stress on the fluctuation of the recruitment of Japanese anchovy 

 

Japanese anchovy is an important fisheries resource in the western coast of Kyushu. 

Anchovy has a relative short life span (matures at age 1), and is known to spawn offshore 

waters and migrate inshore waters. The main food of anchovy is zooplankton, and both 

ambient temperature and food availability during their early life stages would be critical factors 

determining their recruitment. In the previous chapter, significant changes in the regional 

ocean-climate conditions related to the global climate change were identified. Of multiple 

climatic conditions, the importance of wind condition on the coastal ocean environment was 

suggested. The purpose of this chapter is to investigate the decadal fluctuations in regional 

anchovy catch and to reveal the fluctuation mechanism off northwestern Kyushu with a special 

interest in egg and larval transport process focusing on wind-induced currents. 

 

3.1 Data and methods 

3.1.1 Catch data 

Annual anchovy catch data from 1960 to 2009 were derived from the Fisheries 

Statistical Yearbooks of the Ministry of Agriculture, Forestry and Fisheries. Abundance of the 

Tsushima Warm Current stock (from Niigata Prefecture to Kagoshima Prefecture) in 1977–

2009 was derived from Kuroda et al. (2012). The stock abundance was estimated using cohort 

analysis and was compared with the total catch in Nagasaki Prefecture for evaluating the 

usefulness of the annual catch data as the stock abundance. The main fishing area in Nagasaki 

Prefecture is divided into five regional sub zones, namely such as Hokusho, Omura Bay, Goto, 

Seihi and Tachibana Bay (Fig. 3.1). In the study region, purse-seine fishery is typically 

conducted within a zone extending almost up to 20 km offshore (Kuwaoka, 1976) from May to 

August, mainly targeting juvenile and immature anchovies (Ogawa, 1976). It is reported that 

the catch from August to December correlated with the catch of juvenile anchovy from May to 

July (Nagasaki Prefecture, 2008). Acoustic survey showed that the anchovy biomass and the 

annual catch in the Tsushima Warm Current region (from Niigata Prefecture to Kagoshima 

Prefecture) had significant correlation (Ohshimo, 2004), indicating that usefulness of the catch 

data as an indicator of the recruitment. The fluctuation in the annual total catch in Nagasaki 

Prefecture was significantly correlated with the fluctuation in the abundance of the Tsushima 
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Warm Current stock (Fig. 3.2, r = 0.740, p < 0.01). The stock recruitment index for similar 

pelagic fishes such as Japanese sardine and chub mackerel (Scomber japonicus) in the 

Tsushima Warm Current has been studied (Hiyama et al., 2002; Ohshimo et al., 2009). These 

studies suggested that the relationships between stock recruitment and environmental factors 

such as the SST, monsoon index and Arctic oscillation. Although it is better to analyze the 

stock abundance using recruitment relationship, the recruitment relationship of the anchovy of 

the Tsushima Warm Current stock has not been reported. For this reason, catch data were 

analyzed instead of the stock abundance.  

To detect the regime shift in catch, wind-stress and SST, sequential t-test analysis of 

regime shifts (STARS) method developed by Rodionov and Overland (2005) was applied. 

Cut-off length for a regime was set to 10, and Regime Shift Index (RSI) was tested based on 

95% confidence interval. In order to clarify regional fluctuation patterns, the regional catch 

data were clustered using Ward’s method (Ward, 1963) based on the similarity of the 

time-series of the catch. 

 

3.1.2 Environmental data 

  Daily seawater temperature and horizontal current velocity data from 1993 to 2009 were 

derived from the Japan Coastal Ocean Predictability Experiment 2 (FRA-JCOPE2) (Miyazawa 

et al., 2009). The FRA-JCOPE2 reanalysis data has a horizontal resolution of 1/12 degree 

around Japan. According to the method of Warner (2005), the model applicability was 

evaluated using coastal mooring data obtained from the Japan Oceanographic Data Center 

(JODC, Fig. 3.1). The model skill score was relatively high (0.6), and thus it was considered 

the FRA-JCOPE2 reanalysis data can be regarded as reliable hydrodynamic data for the study 

area. The reanalysis data were used for the analysis of hydrodynamic features and SST 

distribution. In the present study, the Goto-Nada Sea was defined as the area within 32.5–

33.25˚N and 129.0–129.75˚E (Fig. 3.1). Since anchovy larvae are distributed in the surface 

water of 0–20m (Iseki and Kiyomoto, 1997; Nakata and Imai, 1981), surface data of the 

FRA-JCOPE2 were used for the analysis. In order to recognize the temporal variations in SST 

and horizontal velocity in spring, all grid data at the surface layer within the Goto-Nada Sea 

were spatially and temporally averaged from 1993 to 2009. To explore the effect of wind on 

the surface current, wind-stress (N m-2) was calculated from daily maximum wind speed, 

averaged air temperature and sea level pressure observed at Fukue meteorological station of 

37



the JMA for the period between 1963 and 2009 (Fig. 3.1) based on the following equations, 

 

τx = CDρWu (3.1) 

τy = CDρWv (3.2) 

CD=1.085W10-1.5 (0.3 ≤ W < 2.2) (3.3) 

CD=0.771+0.0858W10-3 (2.2 ≤ W < 5.0) (3.4) 

CD=0.867+0.0667W10-3 (5.0 ≤ W < 8.0) (3.5) 

CD=1.2+0.025W10-3 (8.0 ≤ W < 25.0) (3.6) 

CD=0.073W10-3 (25.0 ≤ W < 50.0) (3.7) 

 

where, τx and τy are zonal and meridional wind-stress components, respectively. CD is drag 

coefficient which depends on intensity of wind speed (Kondo, 1975). ρ is density of air (kg 

m-3) calculated using air temperature (˚C) and sea level pressure (hPa). W, u and v are scalar, 

zonal and meridional wind speeds (m s-1), respectively. Positive signs of zonal and meridional 

wind-stress represent eastward and northward directions, respectively. Daily average of surface 

current velocity and wind-stress from March to May (averages of 1993–2009) were compared 

to clarify the relationship between surface current and wind-stress. To test the hypothesis of the 

potential effect of the long-term variation in wind-stress on the fluctuation in catch of anchovy, 

annual wind-stress was calculated by cumulating daily wind-stress from April 1 to May 31 for 

each year. Mean spring SST in the northern part of the ECS from 1960 to 2009 was also 

obtained from JMA. The linear trend was removed from the time-series of the SST, and then 

oceanic regime shift was examined based on the cumulated SST anomaly.  

 

3.2 Results 

3.2.1 Long-term fluctuations in anchovy catch off northwestern Kyushu 

It was found that anchovies caught in the five sub zones have commonly experienced 

high stock phases from the 1960s to 1970s and low stock phase from the 1980s to the 1990s 

(Fig. 3.3). As a result of STARS analysis, although there were slight difference in the timing of 

the shift among the sub zones, most of the negative shift and positive shift were detected in the 

mid–1970s and mid–1990s. The negative and positive shifts were detected in the total catch in 

1977/78 and 1994/95, respectively. As a result of cluster analysis, fishery sub zones were 

grouped into two major clusters. The first cluster was composed of Omura Bay, Seihi and 
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Tachibana Bay (Fig. 3.4). These three sub zones are located along the coast of northwestern 

Kyushu. The second group was composed of the Goto and Hokusho, and these two sub zones 

are located offshore. As the results of regime shift patterns and cluster analysis, sub zones were 

simply divided into offshore zone (the total of Hokusho and Goto zones) and coastal zone (the 

total of Omura Bay, Seihi and Tachibana Bay). In general, negative shifts were detected in 

1975/76 and 1984/85 in the coastal zone (Fig. 3.3). In the offshore zones, a negative shift 

occurred in 1974/75, and two positive shifts were detected in 1985/86 and 1994/95. In these 

two regions, the timing of shifts to low-level in the coastal zone and to high-level in the 

offshore zone has occurred in the mid-1980s and mid-1990s, respectively.  

 

3.2.2 Changes in oceanographic conditions 

Mean surface current condition off northwestern Kyushu is illustrated in Figure 3.5, 

which shows the surface current in the northern Goto Islands flowing towards the northeast 

(Tsushima Warm Current) and Kuroshio intrusion in the southern area. Spatially-averaged 

daily surface current velocity and SST in the Goto-Nada Sea in spring (March to May, 1993–

2009) are shown in Figure 3.6. There were considerable variations in surface current. Zonal 

and meridional components became relatively strong and almost directed northward and 

eastward from early April to May, respectively. Meanwhile the SST reached the lower-limit of 

spawning temperature of the Japanese anchovy (15.6˚C, Fig. 3.6) suggested by Takasuka et al. 

(2007). The spring SST in the northern ECS showed an increasing trend between 1960 and 

2009 with the averaged SST 17.6˚C. The SST has increased by 0.9˚C during 1963–2009 (Fig. 

3.7). The STARS analysis for the SST detected a statistically significant negative regime shift 

in 1975/76 and a positive shift in 1994/95 (Fig. 3.7). Based on the regime shift in the SST, the 

time-series data were divided into three fixed regimes such as 1963–1975 (warm-regime I), 

1976–1994 (cold-regime) and 1995–2009 (warm-regime II). The averaged SST in the 

warm-regime II (18.0˚C) was 0.7˚C higher than that in the warm-regime I (17.3˚C) (Table 3.1). 

In order to examine the effect of the increased SST on the distribution of the spawning ground, 

the SST in 1996 (spatially averaged SST 16.4˚C) and 1997 (17.3˚C) were compared using the 

FRA-JCOPE2 reanalysis data. Those two years were selected considering the above SST 

change between the warm-regime I and warm-regime II. As a result, the 15.6˚C contour line in 

1997 was located further north, compared with that in 1996 (Fig. 3.8). 
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3.2.3 Wind condition change 

In order to examine the effect of wind on the surface current in the Goto-Nada Sea, 

wind-stress observed at Fukue meteorological station was analyzed. In this region, 

north-northeast to south-southwest axis winds are the most prevailing directions (both exceeds 

10%), followed by southeastward wind (12%) in April–May (Fig. 3.9). To clarify the causal 

factor of the eastward current, daily zonal surface current velocity and meridional wind-stress 

were compared. The result showed a significant correlation (r = 0.450, p < 0.01, Fig. 3.10), 

indicating that northward wind-stress drives eastward Ekman currents over the Goto-Nada Sea 

from April to May. According to this result in 1993–2009, the meridional wind-stress can be 

an indicative parameter for the surface current variability. Thus, the long-term (1963–2009) 

meridional wind-stress data was used to discuss the change in surface current in the following 

analyses. Long-term variation in north-northeastward wind-stress exhibited a decreasing trend 

from the 1960s to the 2000s (Fig. 3.11). The STARS analysis indicated that wind-stress shifted 

to a negative regime in 1974/75, and has been lowered until a positive shift occurred in 

2003/04.  

 

3.2.4 Relationship between wind-stress and anchovy catch 

Long-term variations in cumulative north-northeastward wind-stress from April to May 

were compared with the catches in each fishery sub zone (Fig. 3.12). Annual catches in Omura 

Bay, Seihi, Tachibana Bay and the coastal zone were significantly correlated with the 

north-northeastward wind-stress (r = 0.652, 0.479, 0.386 and 0.518, all p < 0.01). Conversely, 

no positive correlations were found in the offshore zone including Hokusho and Goto (Fig. 

3.12). It should be noted that significant correlations were found only with the sub zone located 

along the coast of northwestern Kyushu. To distinguish the effect of the different strength of 

wind-stress, the surface current in the Goto-Nada Sea under the weak and strong 

north-northeastward wind conditions were compared (Fig. 3.13). In 2003, surface current 

directed north-northwestward, and spatially averaged current velocity over the Goto-Nada Sea 

was 0.08 m s-1 under the average north-northeastward wind-stress 2.6 N m-2. On the other hand, 

surface current directed to east with the spatially averaged current velocity 0.12 m s-1 when the 

strong north-northeastward wind-stress 4.6 N m-2 was observed in 2004.  

Based on the regime shift in the SST, catch and wind-stress were averaged for each 

regime (Table 3.1). Averaged catch in the coastal zone in warm-regime II was almost half of 
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that in warm-regime I, whereas the offshore catch in warm-regime II was twice as high as that 

in warm regime I. It is clear that averaged north-northeastward wind-stress in warm-regime II 

has weakened by more than 1.6 N m-2, compared to that in warm-regime I.  

 

3.3 Discussion 

  According to the previous study, high and low regimes in the total catch may be resulted 

from warm and cold regime changes in the SST through the temperature-dependent biological 

processes, respectively (Takasuka et al., 2007). Similar climatic and fish regime shifts were 

reported by Tian et al. (2006) in the Tsushima Warm Current region and the Sea of Japan. 

They have detected a negative shift in pelagic species including anchovy in 1977/78, and a 

positive shift between 1989 and 1992. This positive shift in the Sea of Japan has occurred 

earlier than the beginning of warm-regime II in the northern ECS, possibly due to faster 

increasing rate of SST in the ECS.  

  However, the fluctuations in the regional catches were not explained by the above SST 

step changes. In the coastal zone, a negative shift was detected in the mid-1980s, and the catch 

continued to decrease. The discrepancy between the SST regime shift and the catch fluctuation 

indicates that the other mechanism would have a great influence on the anchovy population in 

this region. Recent Acoustic Doppler Current Profiler (ADCP) observations conducted by 

Takagi et al. (2009) detected north to north-northeastward current on the continental margin of 

the southern part of the Goto-Nada Sea between winter and spring, and they also mentioned its 

importance in recruitment of anchovy into the coastal fishing zone. The significant correlations 

between the catches in the coastal zones and wind-stress indicate that anchovy recruitment off 

northwestern Kyushu partly depends on the eastward Ekman transport during their early life 

stages. Similar studies have revealed the importance of wind-driven current in successful fish 

recruitment (Borja et al., 1996; Nielsen et al., 1998; Hinrichsen et al., 2001; Linnane et al., 

2010). In Shijiki Bay, located in the northern part of the Goto-Nada Sea, Nakata and Hirano 

(1988) reported that prevailing southerly winds during the spawning season of red sea bream 

(Pagrus major) possibly contributes to the increase in the amount of transported larvae into the 

bay. In the western Gulf of Maine, modeling approach suggested that high retention rate of 

larval Atlantic cod (Gadus morhua) in nearshore habitat is attributed to the downwelling 

favorable winds which prevents cod larvae from drifting by the offshore western Maine 

Coastal Current (Churchill et al., 2011). In the present study, it was found that a strong 
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northward wind causes eastward current, and therefore, the weakened Ekman current, due to 

the decreased north-northeastward wind-stress, was found to be a potential environmental 

factor responsible for the recent decrease in the catch of anchovy in Omura Bay, Seihi and 

Tachibana Bay through reduced onshore transport of eggs and larvae. Despite a shift to 

warm-regime II in the mid-1990s, anchovy catch in the coastal zone did not recover to that 

level of warm-regime I because the wind-stress did not shift to a positive regime. It indicates 

that a certain level of strong north-northeastward wind is also required for successful 

recruitment in order to take advantage of eastward transport, which would result in a higher 

growth rate due to higher food availability in the coastal waters than that in the offshore 

(discuss in the next chapter). In regard to the long-term change in local wind, this study 

pointed out that the weakened East Asian monsoon circulation led to the decrease in wind 

speed observed in Nagasaki Prefecture between the 1950s and the mid-1990s (Chapter 2). 

Thus, the large-scale atmospheric circulation, such as the East Asian monsoon, is possibly 

related to the long-term decrease in wind-stress and even to the fluctuations in anchovy 

catches.  

On the other hand, a positive shift in the offshore catch was detected in the mid-1980s, 

and a second positive shift, coinciding with the warm-phase shift of SST, occurred in 1994/95. 

However, these increasing trends in the catches in Hokusho and Goto zones could not be 

explained by the variation in wind-stress alone. One of the possible factors influencing the 

offshore recruitment may exist in expanding of spawning ground due to SST warming trend. 

This study showed that the warming trend in the SST has potential to extend the spawning 

ground to the northern area (Fig. 3.8). Therefore, not only the regime shift, but the warming 

trend in the SST may also be responsible for the recent rapid increase in the offshore catch due 

to the expansion of the spawning ground, which is thought to be favorable for the retention of 

eggs and larvae in the offshore zone. This hypothesis is tested using a particle tracking 

simulation in the Chapter 4.  

In conclusion, recovery of the catch in the coastal zone is unlikely unless the 

north-northeastward wind becomes strong, even if the ambient temperature is close to the 

optimal growth temperature. The change in the wind condition due to the future climate change 

could break connectivity between spawning and nursery areas (Aiken et al., 2011). The results 

suggested that the physical process could regulate fish recruitment, and future prediction of 

recruitment is difficult without the unveiling transport mechanism, especially in the coastal 
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waters (Fig. 3.14).  

  In waters off the western coast of Kyushu, the Tsushima Warm Current and the 

Kuroshio would affect coastal current (Lie et al., 1998). Thus, further understanding of the 

mechanism of larval transport related to the Tsushima Warm Current and the Kuroshio 

intrusion will be necessary, and it may require a new method of a numerical simulation. In 

addition, several studies have reported the distribution of anchovy in the ECS and Yellow Sea. 

Iversen et al. (1993) and Ohshimo (1996) have estimated the stock abundance in the ECS at 

3,000,000 tons. This stock may affect the recruitment variability off northwestern Kyushu. 

Therefore, contribution of the stock from the other areas should be included in future analysis. 
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Fig. 3.1     Geophysical location of northwestern Kyushu. Fukue meteorological station 
of the Japan Meteorological Agency is represented by an open circle. Black solid lines 
in the lower right panel indicate borders of fishery sub zones in Nagasaki Prefecture. 
The Goto-Nada Sea is defined by the enclosed black-bold lines in the left panel. The 
coastal mooring station is indicated by a triangle. �
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Fig. 3.2     Time series of the total catch in Nagasaki Prefecture (bar) and abundance of 
the Tsushima Warm Current stock (circle).�
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Fig. 3.4     Dendrogram for clustering the fluctuation in catch of anchovy in five sub 
zones. �
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Fig. 3.5     Temporally-averaged surface circulation in the northeastern East China Sea 
during spring between 1993 and 2009. Arrows indicate the magnitude and directions of 
flow.�
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Fig. 3.14     Schematic diagram of shift of the fishing area between the 
1960s–1970s and the 1990s–2000s. 	
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Table 3.1     Averaged anchovy catch in each sub zone (t), wind-stress (N 
m-2) and sea surface temperature (˚C) during 1963–1975, 1976–1994 and 
1995–2009.�
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Chapter 4 

Modeling eggs and larval transport and its relation to climate change 

 

 In the Chapter 3, the results showed that transport process has potential to affect the 

recruitment of anchovy off the western Kyushu. However, quantitative evaluation of eggs and 

larval transport and possible environmental factors influencing the transport success are still 

unrevealed. A particle tracking method is an effective approach to elucidate eggs and larval 

transport process. In this chapter, long-term transport success and its controlling factors were 

investigated by the modeling approach. 

 

4.1 Data and methods 

4.1.1 Egg and larval data 

The time-series data of the abundance of anchovy eggs and larvae in the ECS from 

1979–2007 was derived from Kuroda et al. (2013). The distributions of eggs and larvae were 

analyzed to investigate eggs and larval distribution characteristics and to determine the particle 

release location. Seikai National Fisheries Research Institute conducted monthly egg and larval 

census from 1959 to present, but only abundance of averages of 1959–1973 was available. The 

eggs and larvae were collected by plankton net (diameter of 45 cm and a mesh size of 0.33 

mm) at the surface layer. The abundance of the eggs and larvae are represented by five levels 

(0, 1–9, 10–49, 50–99 and 100–499 ind. per tow). In order to specify the spawning ground, 

modeled SST and observed egg distribution were compared.  

 

4.1.2 Hydrodynamic model 

To reproduce fine scale coastal current field, a hydrodynamic model in the study area 

was developed using Delft3D-FLOW (Delft Hydraulics, 2008), applied over the domain 

extending from 31 to 35˚N and 128 to 131˚E (Fig. 4.1). The computational grid has 2 × 2 km 

resolutions in a horizontal direction with 5 σ-grid layers. From surface to bottom, the thickness 

of each layer was 20% at the given depth. The bathymetry data of 500 m resolutions were 

derived from JODC. The model boundary conditions were forced by daily horizontal current 

velocity at west and south boundaries, and hourly tidal height at north and east boundaries. The 

horizontal current velocity data were obtained from the Ocean General Circulation Model for 

Earth Simulator (OFES, Masumoto et al., 2004). The 0.1˚ grid zonal and meridional current 
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velocity data was linearly interpolated to 0.02˚ grid. The OFES data were also used for the 

initial condition such as the seawater temperature, salinity and water level. The tidal height at 

the north and east boundaries were calculated using NAO.99Jb model (Matsumoto et al., 2000). 

The model sea surface was forced by wind-stress obtained from OFES. The heat exchanges at 

the model surface was simulated with Ocean Heat Flux Model (Delft Hydraulics, 2007) using 

air temperature, relative humidity and cloudiness observed at Nagasaki Marine Observatory, 

JMA (Fig. 4.1). Secchi depth was used for the calculation of the heat flux and was set to 12 m 

with reference to Nagata et al. (1996). All lateral boundaries were forced by water temperature 

and salinity from the OFES. The horizontal eddy viscosity and diffusivity were set to 1.0 m2 s-1 

and 10 m2 s-1, respectively. Larger scale horizontal eddy turbulence was computed with 

Horizontal Larger Eddy Simulation (Delft Hydraulics, 2007). The background vertical eddy 

viscosity and diffusivity were set to 1.0 × 10-3 m2 s-1. The vertical viscosity and diffusivity 

were calculated by k-ε turbulence model. The model calculations were conducted from January 

1 to May 31 in each year of 1960–2007 with a time step of 60s.  

The model reproducibility was validated using coastal mooring data at M1 near the 

Sasebo Bay mouth observed from April 18 to May 3, 1997 and M2 near the Seihi Peninsula 

observed from February 14 to March 1 1999 obtained from JODC (Fig. 4.1). Modeled 

hydrodynamic was evaluated from the skill score (Warner et al., 2005) and root mean square 

error (RMSE).  

 

4.1.3 Particle tracking experiment 

The eggs and larval transport simulations were performed using Delft3D-PART (Delft 

Hydraulics, 2007) based on the result of hydrodynamic model. To focus on the variation of the 

transport condition, this study did not consider a spatial weighting of the egg abundance, and 

therefore a constant number of the particles (a thousand) were released from each release point 

over the area (Fig. 4.1). The release locations of the particles were determined by the SST. In 

order to estimate the spawning temperature, the relationship between the distributions of egg 

and the SST were analyzed. Using the SST data at the sampling station of egg, averaged egg 

density was calculated at every 0.1˚C interval from 13˚C to 23˚C. The range between 

minimum and maximum temperatures at which averaged egg density exceeds 1.0 ind. per tow 

then defined as the spawning temperature. From 1960 to 2007, the release site was determined 

applying the spawning temperature and the modeled SST distribution in each year. The 
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particles were released in April 1 and May 1 at 00:00 because these two months are thought to 

be main spawning season (Yamashita, 1984) and spawning takes place around midnight 

(22:00–2:00) (Matsuoka et al., 2002). Horizontal dispersion was set to 1.0 m s-2. Since anchovy 

eggs are distributed in the surface water (Iseki and Kiyomoto, 1997), all particles were released 

from the surface layer, and the positions of the particles were calculated every 1 hour until 30 

days after release. Particles were assumed to be passive drifter, and this study did not consider 

active vertical and horizontal movement of the particle. When the particles were located inside 

of the offshore or coastal zones after 30 days, it was considered successful transport (Fig. 4.1). 

Transport success was represented in percentage of transported particle to the total number of 

released particles. In this study, the transport success in April and May was averaged. To 

specify the range of distribution of particle, two dimensional kernel density method, which can 

smooth the density distribution, was performed at the end points of all released particle. The 

estimated kernel density of the particles was compared with the observed distribution of larval 

anchovy. 

 

4.1.4 Analysis of the environmental conditions 

To clarify the factors influencing the eggs and larval transport, the environmental 

conditions were analyzed. The volume transport of the Tsushima Warm Current was calculated 

from the current velocity passing through the eastern channel of the Tsushima Strait (Fig. 4.2). 

The effect of the Kuroshio was also considered. The volume transport of the Kuroshio passing 

through the section at 32˚N, 128.5–129.5˚E was calculated. The horizontal current velocity 

(zonal and meridional components) in the Goto-Nada Sea was defined as the same zone in the 

Chapter 3. In order to elucidate the effect of spawning ground condition on the transport 

success, the size and the center latitude of the spawning ground were considered. The size of 

the spawning ground was defined as the number of the release points. The center latitude of 

spawning ground was calculated by averaging the highest and lowest latitude of selected 

release points. The following analysis refers the size and center latitude of the spawning 

ground to “spawning area” and “spawning latitude”, respectively.  

 Satellite images of the SST and chlorophyll-a (chl-a) were derived from the Moderate 

Resolution Imaging Spectroradiometer (MODIS), on board the satellites Terra and Aqua. The 

daily MODIS data of 1 km horizontal resolutions were processed to Level 1b by the Earth 

Observation Center of the Japan Aerospace Exploration Agency. The satellite images were 
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analyzed with the vertical structure of modeled hydrodynamics. 

    

4.1.5 Statistical analysis 

 To examine the difference in the transport success among three regimes, 

regime-averaged transport success was arc sine transformed before the t-test in order to 

postulate equal variance. The definition of the regimes are warm-regime I (1960–1975), 

cold-regime (1976–1994) and warm-regime II (1995–2007), following the definition of the 

Chapter 3. 

In order to explore the possible non-linear relationship between the transport success 

and environmental variables, the generalized additive model (GAM) was used. The GAM 

represents non-linear relationships between a response and explanatory variables. The general 

equation of the GAM is given by, 

 

���������������������� �� ��� � � ���
��� ��� �ε  (4.1) 

 

where α is the intercept of the model, s represents non-parametric smoothing function, which is 

cubic spline in this study and ε is the residual error. Xi is the environmental variables such as 

the volume transport of the Tsushima Warm Current and the Kuroshio, zonal and meridional 

current velocity in the Goto-Nada Sea, spawning area and spawning latitude. These six 

variables were tested to build the relationship with the log transformed transport success. To 

avoid overfitting, the models were ranked by lower Akaike’s information criterion value, and 

model with lowest AIC was selected as the best model. In this study, environmental variables, 

which were included in the best model was considered as the influential factors determining 

the transport success. 

 

4.2 Results 

4.2.1 Modeled hydrodynamics 

The modeled hydrodynamic field off the western coast of Kyushu was shown in Fig. 4.3. 

The modeled surface current well reproduced the Tsushima Warm Current in the northern 

region. The volume transport passing through eastern channel was 1.42 Sv (average of March 

to April), and this almost agreed with the observed value by ADCP (Fukudome et al., 2010). In 

the southern part of the domain, the Kuroshio generated a cyclonic eddy. In the Goto-Nada Sea, 
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relatively weak current (< 0.1 m s-1) was generated, as reported by Odamaki (1982). Time 

series of the modeled and observed zonal current velocities were shown in Figure 4.4. The 

model skill score and RMSE were 0.54 and 0.025 m s-1 at M1, 0.63 and 0.024 m s-1 for M2, 

respectively. At the M1, modeled hydrodynamic well captured reciprocating current out of the 

Sasebo Bay. At the M2, modeled current reproduced relative short-term (3 days~) variability, 

although shorter (~2 days) variation could not be reproduced adequately, because this method 

interpolated the monthly OFES data to daily value linearly.  

 

4.2.2 Observed and simulated distribution of anchovy egg and larvae 

Observed egg and larval distributions were shown in Figure 4.5. The high densities of 

eggs and larvae were found in the Goto-Nada Sea, and they were also seen in the main stream 

of the Tsushima Warm Current in May, associated with increase of the SST. The SST range, 

where egg density had more than 1.0 ind. per tow, was 13.7–19.6˚C and 15.7–20.1˚C in April 

and May, respectively (Fig. 4.6). In both months, no egg was collected in the southern region 

where the SST exceeds 21˚C.  

The trajectories of the released particle for 30 days were shown in Fig. 4.7. General 

transport patterns were identified as three types that moved the Tsushima Warm Current, the 

Kuroshio and the Goto-Nada Sea. Particles that moved westward were likely to be transported 

to northeast by the Tsushima Warm Current. In this case, most of the particles exited the 

domain from the northeast boundary within 12 days on average, and some of them could retain 

in the area along the northwest coast of the Goto Islands and off the Hirado Peninsula. Particles 

that were entrained in the eddy associated with intrusion of the Kuroshio, tended to remain in 

the southern Goto-Nada Sea even after 20 days, and most of these particles were not 

transported to the coastal fishing zone. The surface current in the Goto-Nada Sea tended to 

carry particles to the region along the coast of Seihi Peninsula and Tachibana Bay by eastward 

current. The model result was supported by the observed larval distribution that larvae were 

distributed along the western coast of Kyushu (Fig. 4.5). 

Most of the observed larval distribution was consistent with that of eggs, however, eggs 

and larval density in May has relatively increased compared with April. In addition, larval 

density in the south of the Goto-Nada Sea was higher than egg abundance but lower in the 

further south region in May. The kernel density analysis identified the highest density area in 

the south of the Goto-Nada Sea (Fig. 4.8) where the eddy formed (Fig. 4.3). The kernel density 
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was relatively high in the north of the Goto-Nada Sea, and the simulated distribution of 

particles over the domain agreed with the observed larval distribution (Fig. 4.9).  

The satellite chl-a images showed that primary production was high around the Goto 

islands and coastal area of the Kyushu, but low in the southern Kuroshio region (Fig. 4.10). A 

cyclonic eddy with relative high chl-a concentration was found in the center of the eddy in the 

south of the Goto-Nada Sea in April 28, 2005 (Fig. 4.10). The vertical profile of the eddy at the 

section of 32.8˚N was shown in Fig. 4.11. The cold-water upwelling was identified in the 

modeled vertical structure in the case of the cyclonic eddy. On the other hand, anti-cyclonic 

eddy was found in the south of the Goto-Nada Sea with relative warm-water and low chl-a 

concentration in May 14, 2007 (Fig. 4.10). In this case, the water column at the section of 

31.5˚N was stratified (Fig. 4.11).  

 

4.2.3 Temporal change in the transport success 

Transport success in the offshore zone has increased since the 1990s whereas the 

transport success in the coastal zone has decreased (Fig. 4.12). As a result of regime-averaged 

comparison, the offshore transport success in the warm-regime II was significantly higher than 

that in the warm-regime I, whereas the transport success in the coastal zone was significantly 

low in the warm-regime II compared with that in the warm-regime I (t-test, p < 0.05, Fig. 4.13). 

The kernel density in the south of the Goto-Nada Sea was also lower in the cold-regime and 

warm-regime II compared with that in the warm-regime I, and the kernel density in the north 

of the Goto-Nada Sea was higher in the cold-regime and warm-regime II than that in the 

warm-regime I (Fig. 4.8). 

 

4.2.4 Relationship between the transport success and environmental conditions 

The best model for the transport success in the offshore zone is below, 
 
ln(transport success) = s(volume transport of the Tsushima Warm Current)+s(volume transport 

of the Kuroshio)+s(spawning area) 

+s(spawning latitude)+s(zonal current velocity in the Goto-Nada Sea)+s(meridional current 

velocity of the Goto-Nada Sea) 
 

The best model selected all explanatory variables, but the volume transport of the 

Tsushima Warm Current, spawning area and spawning latitude were statistically significant. 
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The model for the offshore zone implied that a strong influence of the volume transport of the 

Tsushima Warm Current and the spawning area and spawning latitude on the transport success 

(Table 4.1). The volume transport of the Tsushima Warm Current showed a negative 

relationship with the transport success (Fig. 4.14). The spawning area and latitude showed 

negative and positive relationship with the transport success, respectively.  

The best model for the coastal zone is below. 
 

ln(transport success) = s(zonal current velocity in the Goto-Nada Sea)+s(spawning latitude) 
 

On the other hand, the GAM for the coastal zone selected the zonal current velocity in 

the Goto-Nada Sea and spawning latitude. The relationship between transport success and 

zonal current velocity in the Goto-Nada Sea showed that the effect of current velocity becomes 

strong when the eastward current dominates with two exceptions of 1998 and 2007 having low 

confidence level (Fig. 4.15). The spawning area showed the negative effect on the transport 

success. 

Long-term variations of the environmental variables which had significant effect on the 

transport success, were shown in Figure 4.16. The volume transport of the Tsushima Warm 

Current and zonal current velocity in the Goto-Nada Sea showed small decreasing trend. The 

spawning area and latitude shifted to the northern region approximately 0.4 degree, and the 

spawning area has decreased.  

The relationship of the juvenile and immature anchovies catch with egg and larval 

abundance in the ECS was examined. The low egg and larval abundance was found in the 

1980s, but it began to increase in the 1990s (Fig. 4.17). The offshore catch showed significant 

correlation with the abundance of egg (r = 0.647, p < 0.01) and catch of larvae (r = 0.724, p < 

0.01, Fig. 4.18), but neither egg (r = 0.173, p > 0.05) nor larvae (r = 0.282, p > 0.05) showed 

significant relationship with coastal catch.  

 

4.3 Discussion 

4.3.1 Distribution of anchovy eggs and larvae related to the environmental conditions 

The spawning of anchovy off the western Kyushu spatially varied, however the possible 

spawning temperature was restricted within about 6 ˚C. Previous study showed wider and 

higher temperature range of spawning for the Japanese anchovy off the Pacific coast (Takasuka 

et al., 2008). However, off the western Kyushu, higher SST (> 21 ˚C) associated with the 
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Kuroshio seems to limit the spawning of anchovy. It was therefore suggested that interannual 

variations of the Kuroshio intrusion could be responsible for determining the southern limit of 

the spawning ground. However, the spawning and transport of eggs and larvae in the other 

months should be considered for further understanding of recruitment variability in western 

coast of Kyushu. As a result of the comparison of distribution of egg in April and May, it was 

suggested that the main stream of the Tsushima Warm Current could be a spawning ground 

with the warming of the surface water.  

The patterns of particle trajectory indicated that most of the released particles are able to 

reach the fishery ground within 30 days after release. It was suggested that the horizontal 

current in the Goto-Nada Sea and Tsushima Warm Current would have important role in the 

transport of the eggs and larvae. The particles entrained in the eddy associated with the 

Kuroshio were unlikely to be transported to the offshore and coastal zones. On the other hand, 

surface current in the Goto-Nada Sea and the Tsushima Warm Current were likely to 

contribute the recruitment of anchovy both in the offshore and coastal fishery zones. 

Observed distribution of eggs and larvae suggested that they are transported to the 

northern and eastern region where are the high chl-a concentration area, and some of the eggs 

and larvae are entrained in the frontal eddy caused by intrusion of the Kuroshio (Fig. 4.7). The 

satellite images and modeled hydrodynamics suggested that the upwelling of the nutrient rich 

water enhances primary production in the south of the Goto-nada Sea (Fig. 4.10). Regarding 

the role of the frontal eddy in larval anchovy, Kimura et al. (1997) showed an enhanced 

primary production in the eddy caused by the frontal disturbance of the Kuroshio along the 

central Pacific coast. In addition, the elevated primary production and copepods abundance 

were favorable for the entrained larval anchovy (Nakata et al., 2000). In the waters off the 

western coast of Kyushu, the occurrence of the cyclonic eddy was more frequent than 

anti-cyclonic eddy, and hence, the cyclonic eddy would be a favorable area for growth and 

survival of the larval anchovy, although entrained larvae were infrequently transported to the 

offshore and coastal zones. Simulated egg and larval distribution also agreed with those 

observed characteristics, and therefore the model approach can be useful for the prediction of 

egg and larval supply in the fishing ground.  

 

4.3.2 Change in the transport success and its relation with climate change 

In the offshore zone, the transport success has increased since the 1990s, corresponding 
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to the fluctuations in the offshore catch. The negative relationship between the transport 

success in the offshore zone and the Tsushima Warm Current indicated that the eggs and larvae 

are likely to be retained in the offshore zone under the condition of weak strength of the 

Tsushima Warm Current. In other words, strong Tsushima Warm Current tends to transport 

eggs and larvae away from the offshore zone. The positive relationship between the transport 

success and spawning latitude suggests that the northward expansion of spawning ground is 

favorable for the offshore retention of the eggs and larvae. From the above results, it was 

concluded that the weakened volume transport of the Tsushima Warm Current and the northern 

expansion of spawning ground allowed eggs and larvae more likely to be transported to the 

offshore zone. This model-based conclusion was supported by the results of relationship of the 

catch with the eggs and larval abundance. Positive correlations of the offshore catch with eggs 

and larval abundance indicates that the recruitment variability in the offshore zone is more 

vulnerable to the initial distribution and amount of egg in the spawning season. These results 

have clarified the factors for the recently flourished offshore catch that was not explained by 

the variation in the wind-stress (Chapter 3). 

On the other hand, the transport success in the coastal zone has decreased unlike those 

in the offshore zone. The GAM analysis revealed that the zonal current velocity in the 

Goto-Nada Sea and spawning latitude are primary factors regulating the transport success in 

the coastal zone. Positive relationship between transport success and zonal current velocity in 

the Goto-Nada Sea indicates that the stronger eastward current makes it possible for larvae to 

reach the coastal fishing zone. On the other hand, negative relationship between the transport 

success and the spawning latitude indicate that the northern shift of spawning ground was not 

favorable for the successful transport of larval anchovy to the coastal zone. As the result of the 

relationship of the catch with the egg abundance and catch of larval anchovy suggested that the 

coastal catch is more susceptible to the surface current condition between the spawning ground 

and fishing area. Since the current velocity has weakened and the spawning latitude has shifted 

to north, both factors have negatively influenced the long-term transport success in the coastal 

zone. It is therefore concluded that the recently reduced catch in the coastal zone is attributed 

by the low transport success of the anchovy eggs and larvae. 

As demonstrated in the Chapter 3, the averaged catch differed among three regimes. 

The regime-averaged transport success also showed a significant difference between 

warm-regime I and warm-regime II, corresponding to those of the regime-averaged catch. 
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These results can be a reason for difference in the regime-averaged catch between the same 

warm-regimes. On a basin scale, multi-decadal fluctuations in the stock abundance of pelagic 

fishes generally exhibits a good agreement with the variation in ambient temperature induced 

by global climate change because of their optimal temperature for growth and survival. 

However, this study explained the fluctuations by the multi-decadal changes in the formation 

of the spawning ground and transport success. Similar approach has investigated the 

recruitment variability of anchovy (Huggett et al., 2003; Itoh et al., 2009). In the southern 

Benguela, Hutchings et al. (1998) found restricted spawning ground of South African anchovy 

(Engraulis capensis) for successful recruitment. Furthermore, Roy et al. (2007) revealed that 

environmental shift alters the distribution of the spawner leading recruitment failure of South 

African anchovy. A small change in the spawning ground due to the warming of SST has 

potential to lead major changes in the recruitment of anchovy, and thus continuous global 

warming trend may constitute a great threat to the sustainable fishery in the study region.    
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Fig. 4.1     Map of the modeled area. Black circles indicate particle release points. Solid 
lines indicate boundaries of offshore and coastal zones. Japan Meteorological Agency, 
Nagasaki Marine Observatory, is represented by triangle. White circles indicate coastal 
mooring stations.  	
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Fig. 4.2     Definitions of environmental conditions. Bold lines indicate each sections 
for calculating the volume transport of the Tsushima Warm Current and Kuroshio 
Current. The rectangle indicates the area definition of the Goto-Nada Sea defined for 
this study.  	
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Fig. 4.3     Modeled hydrodynamic field off western Kyushu in April 1 1960. 
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Fig. 4.4     Times series of modeled (dashed line) and observed (solid line) zonal 
current velocity at M1 in 1977 and M2 in 1999.�
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Fig. 4.5     Observed eggs and larval distributions off western Kyushu in April and May 
averaged from 1960 to 1973. Size of the circle indicates the number of eggs or larvae 
(ind. per tow). Background color indicates SST averaged from 1960 to 1973.�
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Fig. 4.6     Number of eggs at 0.1˚C interval between 13–22˚C. Dashed lines indicate 
1.0 individual per tow.�
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Fig. 4.7     Trajectories of particle for 30 days. Color indicates elapsed time since the 
release.  �
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Fig. 4.8     Simulated particle distribution represented by kernel density in three 
regimes.  �
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Fig. 4.9     Simulated (left) and observed (right) larval distribution.  	
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Fig. 4.10     Satellite images of the SST (left) and chlorophyll-a concentration (right) 
showing the cyclonic eddy (upper) and anti-cyclonic eddy (lower). �
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Fig. 4.11     The vertical profile of the seawater temperature at the section of 32.8˚N 
(upper) and 32.5˚N (lower).   �
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Fig. 4.14     Relationships between the transport success in the offshore zone and 
environmental variables. Dashed line indicates 95% confidence interval. Ticks at the 
bottom represents data points.	
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environmental variables. Dashed line indicates 95% confidence interval. Ticks at the 
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Fig. 4.16     Time series of environmental conditions which were estimated to have 
influence on the transport success. Solid lines represent linear trends.�
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Fig. 4.17     Time series of abundance of egg and catch of larval anchovy in 
the East China Sea.�
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Fig. 4.18     Comparison of the catch of juvenile and sub-adult anchovy in the offshore 
and coastal zones with eggs and larval abundance in the East China Sea.�
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Table. 4.1     Effective degrees of freedom, p-value of the selected variables, and 
deviance explained and generalized cross validation (GCV) of the best model for 
Offshore and coastal zones transport success.	

Offshore zone 

Predictors Effective degrees of freedom p-value Deviance explained (%) GCV 

Volume transport of the Tsushima Warm Current 3.846 0.001 

90.5 0.026 

Volume transport of the Kuroshio 3.876 0.103 
Zonal current velocity in the Goto-Nada Sea 4.347 0.092 
Meridional current velocity in the Goto-Nada Sea 4.006 0.193 
Spawning area 4.169 0.018 
Spawning latitude 3.572 0.001 

Coastal zone 

Predictors Effective degrees of freedom p-value Deviance explained (%) GCV 

Volume transport of the Tsushima Warm Current - - 

46.6 0.169 

Volume transport of the Kuroshio - - 

Zonal current velocity in the Goto-Nada Sea 5.153 0.001 

Meridional current velocity in the Goto-Nada Sea - - 

Spawning area - - 

Spawning latitude 4.040 0.027 

- indicates not selected 
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Chapter 5 

Estimation of the future change of anchovy recruitment in response to global warming 

  
The recent interest of fisheries oceanography is heading for the future projection of 

fisheries resources after global warming (Kimura et al., 2010; Blanchard et al., 2012; Tian et 

al., 2012; Okunishi et al, 2012). Since the south of the ECS is functioning as the spawning 

ground for many other fishes, and anchovy in this sea has an important role as prey organism 

for those predatory fishes, changes in the anchovy stock may have a great impact on the marine 

ecosystems. In this chapter, future changes in coastal ocean environment and anchovy 

recruitment were investigated on the basis of anthropogenic global warming scenario. 

 

5.1 Data and methods 

5.1.1 Evaluation of the future environmental change 

Future environmental changes were analyzed using the result of the Model for 

Interdisciplinary Research on Climate (MIROC) high-resolution forecasting experiment 

(Kawamiya et al., 2005). MIROC forecasting experiments were conducted under the IPCC A2 

carbon dioxides emission scenario of Special Report on Emission Scenarios (SRES, IPCC, 

2000). The SRES A2 emission scenario assumes an undergoing very heterogeneous society 

characterized by a strong regional identity and high economic development. Under the A2 

scenario, atmospheric CO2 is estimated to reach 30 Gt yerar-1 in 2100 (Fig. 5.1). MIROC 

consists of 0.1˚ horizontal grid and 26 vertical layers with data of water temperature, salinity 

and horizontal and vertical current velocities.  

In order to investigate the biological influence of global warming on larval anchovy, 

change in growth rate assumed to be temperature dependent was considered. Three days-mean 

growth rate (mm day-1) before capture was calculated by a function of the SST (Yasue and 

Takasuka 2009, Fig. 5.2), as follows. 

 

Growth rate = 0.108 + 0.023SST  (6.1) 

 

Temporal change in growth rate was calculated using spatially averaged SST over the model 

domain. As for the prey environment for larval anchovy, winter (December to February) 
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mixing layer depth was estimated. Since copepods are dominant prey organism for anchovy 

(Islam and Tanaka, 2009) and the zooplankton biomass is correlated with the phytoplankton 

biomass in the ECS (Hwang et al., 2013), this study assumed that winter mixing layer can be 

used as an indicator of the food availability through the primary production in spring bloom. 

The mixing layer depth was defined as the depth that the temperature vertically changes more 

than 0.5 ˚C. 

 

5.1.2 Hydrodynamic model 

To simulate future ocean circulation in the study area, hydrodynamic model was 

developed using Delft3D-FLOW (Delft Hydraulics, 2008). Model area ranged from 31 to 35˚N 

and 128 to 131˚E, and consisted of a 2×2 km orthogonal grid cell. The vertical resolution has 5 

σ-grid layers with a 20% thickness of the depth. The model bathymetry was constructed from 

500 m mesh data obtained from JODC. The model boundary conditions were forced by daily 

horizontal current velocity at west and south boundaries, and hourly tidal height at north and 

east boundaries. The MIROC-high was used for forcing west and south boundaries. Since 

MIROC-high has 0.1˚ horizontal resolutions, model results were linearly interpolated to 0.02˚ 

for the calculation of the coastal circulation model. The tidal height at the north and east 

boundaries were calculated using NAO.99Jb model (Matsumoto et al., 2000). The model sea 

surface was forced by wind-stress obtained from MIROC-high. Air temperature, relative 

humidity and cloudiness from MIROC-high were used for the calculation of the heat 

exchanges at the model surface simulated with the Ocean heat flux model (Delft Hydraulics, 

2008). All lateral boundaries were forced by water temperature and salinity. The horizontal 

eddy viscosity and diffusivity were 1.0 m2 s-1 and 10 m2 s-1. Larger scale horizontal eddy 

turbulence was computed with Horizontal Larger Eddy Simulation (Delft Hydraulics, 2008). 

The background vertical eddy viscosity and diffusivity were set to 1.0 × 10-3 m2 s-1. The 

viscosity and diffusivity were calculated by k-ε turbulence model. The model calculations were 

started from January 1 to May 31 with a time step of 60s for every 10 years during 1950–2100.  

 

5.1.3 Particle tracking experiment 

To quantify the future change in the transport process of anchovy eggs and larvae, 

particle tracking model was run with Delft3D-PART (Delft Hydraulics, 2007). Particle 

tracking simulations were conducted using the output of the three-dimensional hydrodynamic 
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model. A thousand particles were released from the spawning ground in April 1 and May 1. 

Release points were determined considering spawning temperature determined by the same 

method used in the Chapter 4. Assuming the passive larval duration time, released particles 

were tracked for 30 days. Definition of the transport success followed the previous chapter. 

Particle tracking simulation was conducted every 10 years from 1950 to 2100, and averaged 

transport success for 1950–1990 was defined as the base line (BL) state, which represents 

before global warming, and 2020–2100 as after global warming. Environmental factors 

affecting the transport success were also investigated. 

 

5.2 Results 

5.2.1 Change in the transport success 

The changes in the transport success from 2020 to 2100 are shown in Figure 5.3 with 

the BL transport success. The BL transport successes were 6.2% in the offshore zone and 0.2% 

in the coastal zone. Under the A2 scenario, transport successes were lower (4.2%) than the BL 

in the offshore zone, whereas those to the coastal zone (0.2%) did not show clear differences 

with the BL (Fig. 5.3). 

The changes in the environmental factors such as the volume transport of the Tsushima 

Warm Current, zonal current velocity of the Goto-Nada Sea, spawning area and spawning 

latitude are shown in Figure 5.4. The volume transport of the Tsushima Warm Current in 

theBL was estimated to be 1.8 Sv, whereas that of average of after global warming was 

projected to be 2.4 Sv. The spawning latitude predicted to shift to north, and reached up to 0.5 

degree from the BL. The spawning area in the study region has reduced after global warming 

with 0.5 degree northern shift of the spawning latitude, and those two factors showed 

significant negative correlation (r = -0.94, p < 0.05). With those changes in environmental 

conditions, the high kernel density of the particles shifted to the northern region, and the main 

stream of the Tsushima Warm Current seem to be a center area of particle distribution after 

global warming (Fig. 5.5). 

 

5.2.2 Changes in growth rate and vertical mixing layer depth 

  The SST in the study region was 15˚C in the BL, and increased to 19˚C in 2100. As a 

result of growth rate estimation, it was expected to be higher than the BL (0.53 mm day-1), and 

reached to 0.60 mm day-1 after global warming. The vertical mixing layer depth after global 
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warming showed shallower depth (average 90 m) than that in the BL (110 m on average)(Fig. 

5.6).  

 

5.3 Discussion 

Under the global warming scenario, the SST would increase by 4˚C in the study region. 

In general, large temperature change can be a major factor influencing species-dependent 

distribution (Huse and Ellingsen, 2008), growth and mortality (Drinkwater, 2005; Donelson et 

al., 2010; Neuheimer et al., 2011). However, this increased SST may not seriously impact on 

anchovy vital functions, because of their high temperature optima for growth (peak at 22 ˚C, 

Takasuka et al., 2007). Seawater temperature change resulted from global warming would 

induce indirect effect on anchovy recruitment through the shift of the spawning ground.  

The eggs and larval transport simulation showed a decreasing projection in the transport 

success in the offshore zone. According to the result of the Chapter 4, it is clear that intensified 

Tsushima Warm Current and reduced spawning area due to the northern shift of optimal 

spawning ground are responsible for the future decline in the transport success. An intensified 

Tsushima Warm Current would transport the particles to the far northeast, and therefore a less 

amount of particles remained in the offshore fishery zone within 30 days. The suggested 

increasing trend of the volume transport of the Tsushima Warm Current under the global 

warming possibly originated with an acceleration of the Kuroshio owing to the changes in the 

wind-stress over the North Pacific (Sakamoto et al., 2005).  

The future growth rate of larval anchovy was estimated to be faster than the BL. Similar 

studies have reported the significant change in the fish growth rate resulted from global 

warming. Ito et al. (2013) reported that the growth rate of juvenile Pacific saury (Cololabis 

saira) would decrease as a result from the increased SST. Hashioka and Yamanaka (2007) 

studied future ecosystem change in the western North Pacific using ecosystem model, and 

pointed out that spring bloom predicted to be decreased due to the reduced nutrient 

concentration after global warming. Field and laboratory experiments have revealed that the 

change in day length resulted from the future shift of the spawning season and area would 

cause change in the growth rate of marine fishes (Shoji et al., 2011). An acceleration of growth 

rate was projected in this study, however, field and laboratory experiments found that the 

growth rate in the higher temperature would be limited by the food availability (Takahashi and 

Watanabe, 2004). In this study, it is projected that the strengthened vertical stratification due to 
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the temperature rise, causes mixing layer depth to be shallower than the BL. It implies that a 

lower primary production during spring bloom would occur through the less nutrient supply 

from the deep water. Since zooplankton is main prey for larval anchovy, growth and survival 

of anchovy needs to be evaluated practically by the abundance of zooplankton. Here, 

zooplankton density of 650 ind. m-3 in the western coast of Kyushu is assumed with reference 

to Tanaka et al. (2006). Future change in the zooplankton biomass has not been estimated in 

the ECS. As a reference, Ito (2007) investigated future change in the zooplankton biomass 

using ecosystem model, and reported that the zooplankton biomass estimated to be decreased 

by 50% in the Kuroshio-Oyashio mixed water region. According to the above knowledge, the 

zooplankton biomass is assumed to drop to approximately 300 ind. m-3 in the western coast of 

Kyushu in 2100. Furthermore, rearing experiments done by Takahashi and Watanabe (2004) 

reported that the lower survival rate of larval anchovy in the high temperature condition (21˚C) 

than that in the low temperature (17˚C) under the same food supply level of 300 nauplii fish-1 

d-1. Since the SST in the western coast of Kyushu is estimated to increase to 19˚C in 2100, 

larval anchovy would experience low survival condition due to the low zooplankton 

availability. 

The low food availability resulted from the decreased primary production would limit 

larval growth, which consequently results in low survival. Thus, even if the growth rate were 

accelerated by increased temperature, reduced food availability would limit the growth and 

survival of larval anchovy in the future. In this study, the food availability was evaluated from 

the winter mixing depth, however recent studies reported the primary production in the ECS 

have decreased possibly due to the Three-Gorges Dam project (Chen, 2000). Therefore, the 

effects of future change in the nutrient supply from the Yangtze River should be considered in 

the future study. Although some of the recent studies reports the hiatus and uncertainty in 

global warming phenomenon (Fyfe et al., 2013; Kosaka and Xie, 2013), preliminary estimation 

of this study can provide a useful information on a possible effect of global warming on the 

marine ecosystem in the ECS.  

 

 

 

 

 

92



Fig. 5.1     Predicted changes in SST (solid line) in the study area and CO2 emission 
(dashed line).�
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Fig. 5.2     Relationship between SST and larval growth rate proposed by Yasue and 
Takasuka (2009).�
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Fig. 5.3     Time series of the transport success in the offshore and coastal zones 
after global warming. Dashed lines represent the BL.�
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Fig. 5.4     Time series of environmental conditions which are estimated to have 
influence on the transport success. Dashed line represents the BL.�
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Fig. 5.6     Time series of the growth rate and mixing layer depth. Dashed lines 
represents the BL.�
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Chapter 6 

General discussion 

 

6.1 Impact of climate change on coastal ocean environment and fisheries resources 

In this study, influence of global climate change on the regional scale environmental 

change was found to be significant. Although a number of studies have reported the SST trends 

in the regional ocean, present study is different in that this study achieved explaining the 

causes of the SST variation mechanistically and quantitatively, and also this study can be a 

persuasive case study that provides an applicable mechanism. In the Chapter 2, it was revealed 

that the changes in sunlight duration, air temperature, and wind speed caused long-term SST 

variations. In addition, those meteorological parameters showed a close linkage with the wider 

scale atmospheric change such as the East Asian monsoon and global dimming. Considering 

the fact that the sunshine reduction and wind decreasing trend have reported in widespread 

area, it is expected that changes in water temperature may commonly occur in most coastal 

areas in the mid-latitudes of the Northern Hemisphere in the same manner. In addition, the 

results confirm that monsoon-driven climate system possibly controls SST variation through 

the change in local meteorological conditions not only in Omura Bay, but also in the other 

coastal seas where the East Asian monsoon circulation covers. Quantitative analysis further 

proposes that coastal ocean can be a useful study area in terms of its role as a “sensor” reacting 

susceptibly to global climate change. These findings can be more important in this resourceful 

ocean, ECS, where the natural and human impacts seem dominant (Paerl, 2006). It is also 

notable that this study showed the reason why the effect of global warming is more evident in 

winter than in summer, by the fact that the reduced sunlight in summer decreases SST. As 

discussed in the Chapter 2, CO2 emission would increase the amount of cloud, and 

consequently would result in decline of sunlight. Therefore, human activities in the coastal area 

may also contribute to the regional environmental change. From the results of this study, it is 

concluded that large-scale climate change effects should be included in the analysis of SST 

variation, even in local-scale coastal waters.  

Multi-decadal variation in the SST could not explain the regional fluctuations in the 

anchovy catch in the western coast of Kyushu (Chapter 3). The wind condition, which has an 

important role in regional SST variation (Chapter 2), also could be a key environmental factor 
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that influences on the regional anchovy catch. The numerical simulations suggested a 

significant variation in the transport success of anchovy eggs and larvae, and its effect on the 

coastal fishery (Chapter 4). This finding should be taken into account for the overall 

understanding of the stock fluctuations, especially in the coastal fishing ground, because the 

transport process probably becomes dominant in the smaller scale.  

As discussed in the Chapter 2–4, the climate variability has remarkably influenced the 

regional ocean-atmospheric conditions and fisheries resources since the 1960s to the present. 

Although species that have wider temperature range for spawning and growth, generally 

insensitive to climate change (Peck et al., 2013), this study proposed the risk of temperature 

rise that brings on the formation of spawning ground in unfavorable location which 

consequently leads transport failure. The relationships between the location of spawning 

ground and recruitment success have been well studied on many fisheries resources (Kimura et 

al., 2001; Sundby and Nakken, 2008; Rosa et al., 2011). In the present state, the restricted 

spawning area for the anchovy off the western coast of Kyushu benefit for them to reach the 

coastal highly productive zone. It is generally accepted that low temperature is threat to larval 

anchovy, therefore adult anchovy migrates offshore warm waters for spawning where is 

relative low food availability area. In terms of the strategy of anchovy recruitment, the 

temperature-dependent restricted spawning area may have been resulted from maximizing the 

transport success to the favorable nursery ground and minimizing the risk facing low food 

availability in the offshore water. Previous studies focusing basin scale ocean have discussed 

the mechanism of multi-decadal fluctuations in pelagic fishes in terms of the direct temperature 

effect on the growth and survival. On the other hand, this study demonstrated that a small 

temperature change in the spawning ground have potential to induce large change in the stock 

fluctuations through the transport process. In the small scale, transport process thought to be 

equally as influential as the growth and survival conditions. 

 Future anthropogenic global warming also has potential to result in the serious state for 

the reproduction of anchovy (Chapter 5). The continuously increasing trend of SST would lead 

to further shift of the spawning ground toward north, resulting in recruitment failure through 

the unsuccessful transport of eggs and larvae. In addition to the degraded transport conditions, 

this study also suggested changes in the growth rate and food availability after global warming. 

The future food availability would be lowered due to the reduced primary production resulted 

from the shoaling of the mixing layer depth. As results of unsuccessful transport and low food 
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availability, the recruitment success of anchovy would decrease after global warming. 

The importance of the understanding of fluctuation mechanism of the anchovy stock in 

terms of their role of key organism linking the lower and higher trophic levels thought to be 

large particularly in the ECS. Pacific bluefin tuna, which is known as one of the predatory 

fishes for anchovy (Yamanaka, 1963) has their spawning ground in the south of the ECS. It is 

reported that the restricted spawning ground of Pacific bluefin tuna is advantageous for 

successful transport to the nursery ground around Japan (Kitagawa et al., 2010). The results of 

this study implied that the future oceanic changes in the marginal seas in the ECS could be a 

threat to Pacific bluefin tuna because Kuroshio transports larvae to the western coast of 

Kyushu, which is known as one of their habitats for feeding and overwinter (Kitagawa et al., 

2006). The simulated distribution of the present larval anchovy (Fig. 4.8) overlapped with that 

of juvenile Pacific bluefin tuna estimated by archival tags (see Kitagawa et al., 2006, Fig. 2). It 

implies that the distribution of juvenile Pacific bluefin tuna is partly related to the presence of 

anchovy. If so, global warming could determine the distribution of the Pacific bluefin tuna 

through not only the change in the ambient temperature but also availability of the Japanese 

anchovy. Throughout above results, it is concerned that global warming would affect anchovy 

and their predatory fishes in the study area. Thus, global warming may affect broad range of 

trophic levels of fisheries resources in the study area. 

 

6.2 Problems of the present modeling approach 

The present modeling study has successfully demonstrated a considerable contribution 

of the transport success to the catch of anchovy. In many cases, studies on larval transport 

processes are based on field sampling, and needs spatially and temporally varied collection 

with simultaneous measurement of physical oceanographic conditions. The modeling approach 

can be a useful tool when a phenomenon needs to be tested, because it enables to estimate eggs 

and larval transport process quantitatively. This study has demonstrated an effectiveness of the 

modeling approach and supported a hypothesis from observational data analysis.  

However, on the other hand, the modeling in this study has some limitations. Since the 

experiments focused only on the transport process (Chapter 4), the results of particle tracking 

experiments could not fully reproduce the observed fluctuations in anchovy catch. For example, 

as shown in the Chapter 4, the observed distribution of egg abundance spatially varied, 

however, because of the limitation of available egg data, a constant number of eggs were 
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released from each possible spawning ground. This would lead mismatch between observed 

and modeled fluctuations in catch. This problem can be resolved in the next steps by releasing 

the spatially weighted number of particles based on the field sampling.  

The second problem lies in the period from release to endpoint of particle. As many 

studies have already reported, fishes in early life stages experience a high mortality (Hjørt, 

1914). For small pelagic fishes, such as sardine and anchovy faces risks of mortality in all life 

stages. During egg and larval stages, seawater temperature and food availability limit the 

growth and survival (Takahashi and Watanabe, 2005; Takasuka et al., 2007), and predation 

pressure by other species (e.g. Japanese jack mackerel and moon jellyfish, Takasuka et al., 

2007; Masuda, 2009) would affect the recruitment. Takahashi and Watanabe (2004) reported 

that the recruitment success of the Japanese anchovy in the Kuroshio-Oyashio transition region 

depends on the growth rate during the metamorphosing stage. Those previous studies suggest 

that the present model needs to be improved by incorporating those biotic factors.  

The third problem is in the estimation of the future larval growth rate (Chapter 5). The 

response of growth rate to the ambient temperature estimated by Yasue and Takasuka (2009) 

would be different among the areas due to different food availabilities. Therefore, further study 

requires applying the growth-temperature relationship, which is estimated by the sampling in 

the study area.  

 

6.3 Contributions of this study and future prospects 

 In this study, the complex coastal environmental variability has been revealed. Since 

similar seawater temperature trends have been identified in the other coastal waters, large-scale 

climatic factors may commonly affect ocean environmental variations. Thus, this study 

proposes to consider the effect of large-scale climatic change in the analysis of the regional 

ocean environmental conditions. It is therefore desirable that the other case studies examine the 

generality of the findings of this study. The regional modeling approach has contributed to the 

understanding of the fluctuation mechanism of the coastal anchovy catch, and this finding can 

be a useful knowledge for the fishery management. For the efficient fishery, the forecasting of 

the anchovy recruitment from days to weeks needs to be accomplished by using more 

reproducible boundary condition derived from an ocean data assimilation model. 
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6.4 Conclusion 

 From the results of the present study, significant changes in ocean and atmospheric 

changes were detected. Quantitative analyses revealed that those regional environmental 

changes have been attributed by large-scale climate change. Combined observed and modeled 

analyses identified the environmental factors affecting the spatial and temporal fluctuations in 

the catch of the Japanese anchovy. The influence of anthropogenic global warming on the 

future ocean environment and anchovy stock was predicted, and showed serious changes in the 

distribution of anchovy. These changes could impact on whole marine ecosystems in the ECS. 

In addition, the knowledge obtained by this study would profit the fisheries management in 

coastal ocean.   
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Summary 

Long-term trends in ocean-climate environment condition in Omura Bay 

Long-term trends in SST in Omura Bay were investigated using heat balance estimates 

based on a daily data set obtained for 40 years (1955–1995). SST during the heating period 

(from March to August) tended to decrease, whereas that during most of the cooling period 

(from September to February) increased during these 40 years. The maximum rates of SST 

decrease and increase were found to be 0.020˚C year-1 in August and 0.028˚C year-1 in January. 

The sea surface heat flux analysis revealed that shortwave radiation flux decreased in the 

heating period due to decrease in solar radiation, resulting in a decrease in SST. In the cooling 

period, the increase in SST was attributed to the decrease in latent and sensible heat fluxes due 

to increased air temperature and decreased wind speed. These climatic changes affecting SST 

in Omura Bay showed a close linkage with global dimming and the East Asian monsoon 

circulation. 

 

Effect of wind-stress on the catch of Japanese anchovy 

Effect of wind-stress on the annual catch of the Japanese anchovy off northwestern 

Kyushu for the period between 1963 and 2009 was investigated. Regime shift analysis detected 

several step changes in catch and environmental variables. Since the mid-1980s, the anchovy 

catch in the coastal fishery zones has declined, while the catch in the offshore zone has 

increased. The decline of catch in the coastal zones showed a significant correlation with the 

long-term variations in prevailing north-northeastward wind-stress over the Goto-Nada Sea 

during spring spawning season. The results indicated that weakened north-northeastward winds 

caused the recent low recruitment of anchovy through low levels of wind-induced eggs and 

larval transport from the offshore spawning ground to the coastal nursery areas, resulting in the 

potential shift of nursery area to the northwestern offshore region. Thus, as well as the 

growth-favorable ambient temperature, transport process would play an important role on 

long-term fluctuations in anchovy abundance in these coastal seas. 

 

Modeling eggs and larval transport process and its relation to catch fluctuations 

To investigate the potential influence of change in the eggs and larval transport on the 

recruitment of the Japanese anchovy off western coast of Kyushu, the numerical simulation 

using a coupled hydrodynamic and particle tracking model were conducted from 1960 to 2007. 
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In the study region, annual catch of anchovy in the offshore zone has increased since the mid–

1980s, while those in the coastal zone has declined since the mid–1970s. Particle tracking 

experiments revealed that increased and decreased transport success in the offshore and coastal 

zones, respectively. It was also suggested that the warming trend in the SST contributed to the 

increased transport success due to the northern shift of spawning ground. Weakening trend in 

the coastward current in the Goto-Nada Sea and shift of the spawning ground reduced the 

amount of transported eggs and larvae. The results implied that transport process have 

contributed to the recently flourished catch in the offshore zone and decreased catch in the 

coastal zone. This study showed that the changes in transport success induced by 

environmental condition change has potential to impact on the recruitment of anchovy off 

western coast of Kyushu. 

 

Estimation of the future change of anchovy in response to the global warming 

Climate change possibly alters ocean state even in coastal waters, and could induce 

significant change in fish recruitment. Effect of global warming on the eggs and larval 

transport of the Japanese anchovy in the western Kyushu was investigated using a coupled 

hydrodynamic and particle tracking model. An atmosphere-ocean coupled model has predicted 

future environmental change under the IPCC A2 scenario. Using the predicted model result, 

this study revealed that the eggs and larval transport process would change and affect 

recruitment of anchovy more than the impact of an increased SST of 4˚C. Particle tracking 

experiment showed transport successes in the offshore zone would be lowered compared with 

those in the 1950–1990s. It was also revealed that the intensified Tsushima Warm Current and 

shift of spawning ground would decrease retention rate in the offshore zone. Estimated 

increase in the SST also would change the biological condition such as the growth and survival 

of larval anchovy. The larval growth rate was estimated to be faster than the present state. 

Strengthened stratification seems to limit the nutrient supply leading to a low primary 

production during spring bloom, and it may restrict the food availability.  

On the whole, this study revealed the effect of climate change on the regional ocean 

environment and fisheries resources with a focus on the western coast of Kyushu located in 

continental margin of the ECS. Regional environmental changes due to global warming are not 

well studied and thus, the findings of this study would be useful for fisheries management and 

understanding of marine ecosystem. 
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