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Abstract

:

Typhoons disturb the upper ocean, weaken the physical stratification, and induce temporal and spatial changes in primary production, which rapidly alter the distribution and diversity of fishery resources. This study analyzed the response of oceanic conditions and fishery resources on the sea area of the typhoon pathway in the East/Japan Sea (Type A: typhoon passed from southwest to northeast; Type B: typhoon dissipated in the southwest; Type C: typhoon passed from southeast to northeast; and Type D: typhoons passed from southwest to northwest). For Types A and B, the sea surface temperature (SST) decreased in all areas, and Chl-a showed the largest fluctuations in the southwest. For Type C, the SST variation was reduced in the eastern part, stratification was strengthened, and Chl-a did not differ significantly in each area. For Type D, SST and Chl-a showed significant variations in the western part. The biomass of fishery resources increased along the typhoon path for each type, and the diversity increased for Types A and D but decreased for Type B; however, the diversity and catch of fishery resources increased in the northeast for Type C. This study contributes to understanding the impact of typhoon pathway changes on the marine environment and ecosystem.
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Key Contribution: The East/Japan Sea (EJS) is divided into north and south along the subpolar front, and it is again divided into east and west environments according to the characteristics of ocean current circulation. As a result, when a typhoon moves from southwest to northeast, or it moves northward along the western coast in the EJS, changes in the marine environment and fishery are relatively large compared to the other pathways.










1. Introduction


The Northwest Pacific Ocean is strongly stratified by solar radiation, which limits material circulation between the upper and lower layers and reduces biological productivity in the summer [1]. Typhoons that occur in tropical seas pass through the Northwest Pacific between the middle of summer and the beginning of autumn, where they act as a major force driving a chain of physical, chemical, and biological environmental changes by disturbing the upper ocean [2,3,4,5,6]. The strong wind stress accompanying a typhoon decreases sea surface temperatures (SSTs) and weakens stratification structures through vertical mixing, Ekman transport upwelling, and turbulent mixing-induced entrainment [7,8,9,10]. Sea surface cooling (SSC), in which a decreased SST is present, occurs in the path of a typhoon in the range of 1–6 °C [11] and continues for several days due to the inertial motion after the typhoon dissipates [12,13,14,15,16]. The stratification structure is weakened as typhoons stimulate primary production through the upward mixing of deep nutrients toward the surface [17,18,19,20,21]. Changes in the physical oceanic environment have resulted in changes in rapid primary productivity and food webs, which cause changes in the distribution, species diversity, and catchment of fishery resources [22,23,24,25,26].



Post-typhoon changes in the marine environment and biological productivity depend on the pathway and intensity of the typhoon. Typhoon path changes continue the southward or northward winds, causing upwelling or downwelling in coastal areas. If the coastal region facing the land is located on the right side of the typhoon radius during a typhoon, the northward wind continues to generate upwelling, while if it is located on the left side, the coast is affected by the southward wind [27,28,29]. Upwelling has a beneficial effect on organisms by providing nutrients to the surface layer, whereas downwelling causes oligotrophic seawater to migrate downward to the bottom layer and results in reduced biological productivity [27]; therefore, changes in the marine environment caused by the typhoon path can be transmitted to fishery resources.



The East/Japan Sea (EJS) is the Northwest Pacific marginal sea that has moderate temperate climate characteristics at mid-latitudes and seasonal environmental changes. Typhoons enter the EJS between July and October and affect it through various pathways. The EJS has formed a subpolar front (SPF) at approximately 40° N with a strong water temperature gradient according to a cold current running southward along the Russian coast and a warm current running northward through the Korean Strait [30,31]. The current circulation of the EJS around the SPF is divided into counterclockwise and clockwise circulations in the northern and southern parts, respectively. In the northern part of the EJS, the Liman Cold Current and the North Korean Cold Current are separated around Vladivostok due to the northwest monsoon [32,33]. However, the East Korea Warm Current meanders along the coast of the EJS from the Korea Strait and forms an eddy in the southern part of the EJS [32,34,35]. These current interactions cause the EJS to have different physical and environmental, chemical (nutrients), and biological (primary production) characteristics [36,37,38,39,40]. Senju and Watanabe (1999) observed environmental changes in the EJS while typhoons passed along the northern coast of Japan [41], and Hong and Yoon (2003) proved that the post-typhoon SSC of the EJS was caused by coastal upwelling [12]. Additionally, Ekman transport, upwelling, and vertical mixing due to the passage of the typhoon change the temperature of middle, bottom, and surface waters [27,28,42,43], which affects the development and extinction of cold water along the coast of the EJS [29].



Previous research has explained the oceanic condition change processes by which typhoons with strong physical forces pass through the EJS and have also focused on the short-term changes in Chl-a and the landing of pelagic fish [22,24,25,26]. The typhoon strength and moving path were both found to be influencing factors; therefore, understanding the effects of typhoon path variations in the EJS on different marine environmental characteristics in each area and its impact on the distribution and diversity of marine life resources caused by the post-typhoon chain responses in marine ecosystems is crucial to understanding typhoon-induced changes in the EJS. The EJS has shown strong stratification during typhoon seasons, which has reduced biological productivity. Recent climate change has caused the future marine environment to be expected to further strengthen stratification and the primary productivity of the EJS to continually decrease over the past 10 years [36]. Additionally, the frequency of typhoons will increase, and the intensity of typhoons passing through the EJS will continue to increase as the regional SST increases [44,45].



Typhoons weaken the strong stratification, and upwelling and mixing relax the high water temperature phenomenon that occurs in the summer, thereby supplying nutrients to the surface and increasing primary productivity. The marine ecosystems along the coast and open ocean of the EJS in the summer have been expected to improve and change the distribution and catch of fish in the short term. Furthermore, changes in the typhoon route flowing into the EJS have various effects on its environment in areas with different physical and biological characteristics, but the post-typhoon response of fishery resources has been assumed to be unique. In this study, the response characteristics of the marine environment and fishery resources in each area according to the typhoon path in the EJS were investigated. To analyze this, among the typhoons affected by the Korean Peninsula in the last 10 years (2011–2020), the typhoon routes flowing into the EJS were organized by type and divided into four areas according to the characteristics of the oceanic conditions. Regional SST and Chl-a characteristics before and after the typhoon were compared by area using satellite data to analyze changes in the EJS environment and the diversity of fishery resources due to typhoon type. Additionally, the response (composition, catch, and distribution) patterns of the major fishery resources in the EJS by area were analyzed using catch data of fish by area.




2. Data and Methods


2.1. Study Area


In this study, the EJS was divided into four major regions based on its physical, biological, and marine environment characteristics [30,32,33,35]; Figure 1. The EJS was first divided into northern and southern parts based on the SPF, and these areas were subdivided into eastern and western parts.




2.2. Path of the Typhoon


The best track provided by the Typhoon Center of the Korea Meteorological Administration was used in this study. Typhoon movement trajectories were indicated for typhoons affected by the Korean Peninsula in the last 10 years (2011–2020) to identify typhoons that passed through the EJS or dissipated in the EJS (Figure A1). The trajectory of the typhoons was classified into four types according to their movement into the EJS (Figure 2). In Type A, the typhoon passed from the southwest area (SW) to the northeast area (NE) in the EJS, and in Type B, the typhoon disappeared within the EJS after it entered the southwest area (SW) of the EJS. In Type C, the typhoon moved north along the eastern area of the EJS from the southeast to the northeast area, and in Type D, the typhoon moved north along the eastern coast (western area) of the EJS from the southwest to the northwest (NW). In this study, typhoons with an intensity of 4 or higher according to the typhoon movement path (Table A1) were selected, and the physical and biological reaction characteristics of each area in the EJS according to the typhoon path and response of fishery resources were analyzed.




2.3. Marine Environments of the EJS


2.3.1. Sea Surface Temperature (SST)


To analyze the change in the upper ocean temperature in the EJS after the typhoon, SST was calculated from the daily SST obtained from the daily Operational Sea Surface Temperature and Sea Ice Analysis (GHRSST OSTIA) data, which provided global SST at a spatial resolution of 0.05° [46]. Changes in SST were compared between 15 d before and after the typhoon.




2.3.2. Chlorophyll a (Chl-a)


To observe the Chl-a variations according to the typhoon passage, the Chl-a concentration was used for 15 d before and after the passing of the typhoon. Chl-a data were extracted from daily satellite ocean color images for 2011–2020 obtained from Moderate Resolution Imaging Spectrometer (MODIS) Aqua L3 products (http://oceancolor.gsfc.nasa.gov/ (accessed on 31 December 2021)) with a spatial resolution of 4 km.




2.3.3. Ekman Pumping Velocity (EPV)


The Ekman pumping velocity (EPV) was calculated from the European Center for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalyzed wind data using the following equation to analyze the vertical flow (e.g., upwelling and downwelling) that occurred when the typhoon entered the EJS [47,48]. Wind data were provided with a spatial resolution of 0.25° and at hourly intervals [49]. Changes in EPV were compared between 15 d before and after the typhoon.


  EPV =   curl  z   τ   ρ w  f    



(1)




where  τ  is the wind stress,    ρ w    is the density of the water (1025.0 kg/m3), and  f  is the Coriolis parameter. If the EPV was a positive number, an upward flow (upwelling) appeared in the sea area, and a negative value indicated that a downward flow (downwelling) occurred.




2.3.4. Mixed Layer Depth (MLD)


To analyze the changes in the mixed layer depths (MLDs) after passing the typhoon, the MLD was calculated from the daily MLD data for 2011–2020 obtained from the results of the Estimating the Circulation and Climate of the Ocean (ECCO2) data, which was calculated from satellite and in situ data with a spatial resolution of 0.25° [50]. Changes in the MLD were compared between 15 d before and after the typhoon.





2.4. Fishery Resources


To understand the response (i.e., the structure of fish assemblages, species composition and quantitative fluctuations, and diversity) of fishery resources according to short-term environmental changes after the typhoon, The fisheries catch data used in this study are the daily catch by area (0.5°) provided by the National Federation of Fisheries Cooperatives (NFFC, Republic of Korea). The data period is 2011–2020. These data are the total catch data not classified by type of fishery and fishing gear. In addition, since data on fishing efforts, such as the number of fishing ships and data classified into fishery and fishing gear types, are only available after 2018 (2019–2020), total catch data were used in this study. Although it is a short period, the changing trend is similar due to comparing the changing pattern of the catch per unit effort and the total catch over the past two years (Figure A6 and Figure A7). The species diversity index (   H ′   ) [51] was calculated using the following equation and compared for 15 d before and after the typhoon passed:


     H   ′  = −   ∑   i = 1  S   P i  × ln  (   P i   )   



(2)




where  S  is the total number of species, Pi is the proportion of total catch of species i, and ln is the natural logarithm.





3. Results


3.1. Change in Oceanic Condition: SST, Chl-a, EPV, MLD


3.1.1. Type A


KONGREY occurred on 25 September 2018, and after entering the EJS on October 6, 2018, it was transformed into a temperate cyclone in the Sapporo Sea near Japan on 7 October 2018 (Figure 2, Table A1). The change in SST after the typhoon passed was from −1.9 to −2.4 °C, with the highest in the NW and the lowest in the SE and NE (Figure 3g–i, Table 1). The change in Chl-a after passing the typhoon was approximately 0.11–0.21 mg/m3, with the highest in the SW and the lowest in the SE and NE (Figure 3j–l, Table 1). Upward flow occurred in the SW and NE of the EJS near the typhoon path, and downward flow occurred in the SE and NW after the typhoon (Figure 3a–c, Table 1). The EPV was strongest in the SW and weakest in the NW. The MLD was 6.5–8.4 m deeper than before the typhoon, and the range of MLD variations was the largest in the SE and the smallest in the NE (Figure 3d–f, Table 1).




3.1.2. Type B


DANAS occurred on 4 October 2013, and was transformed into a temperate cyclone in Dokdo after entering the EJS on 9 October 2013 (Figure 2, Table A1). The change in SST after the typhoon passed was from −1.7 to −2.5 °C, with the highest in the NW and the lowest in the SW and SE (Figure 4g–i, Table 1). The change in Chl-a after the typhoon passed was from 0.07 to 0.22 mg/m3, with the highest in the SW and in the lowest in the NW and NE (Figure 4j–l, Table 1). Upward flow occurred in the SE and NE of the EJS, and downward flow occurred in the SW and NW after the typhoon (Figure 4a–c, Table 1). The EPV was strongest in the SE and weakest in the NW. Furthermore, the MLD was 6.9–8.5 m deeper than before the typhoon, and the range of the MLD variations was the largest in the SW and the smallest in the SE (Figure 4d–f, Table 1).




3.1.3. Type C


HALONG occurred on 29 July 2014, after it moved northerly through the interior of Japan on 10 August 2014, and it was transformed into a temperate cyclone on 11 August 2014 (Figure 2, Table A1). The change in SST after passing the typhoon was −0.4 to −1.2 °C, with the highest in the eastern part (SE and NE) and the lowest in the western part (SW and NW; Figure 5g–i, Table 1). The change in Chl-a after the typhoon passed was from −0.01 to 0.01 mg/m3, but Chl-a was similar to before the typhoon. Upward flow occurred throughout the EJS (Figure 5j–l, Table 1). The EPV was the strongest in the SE and weakest in the NW (Figure 5a–c, Table 1). The MLD was 1.9–5.0 m deeper than before the typhoon, and the range of the MLD variations was the largest in the NE and the smallest in the SW (Figure 5d–f, Table 1).




3.1.4. Type D


HAISHEN occurred on 1 September 2020, entered the EJS, and was then transformed into a temperate cyclone on 7 September 2020 (Figure 2, Table A1). The change in SST after the typhoon passed was from −1.2 to −3.9 °C, with the highest in the western part (SW and NW) and the lowest in the eastern part (SE and NE; Figure 6g–i, Table 1). The change in Chl-a after the typhoon passed was from 0.08 to 0.61 mg/m3, with the highest in the NW and the lowest in the eastern part (Figure 6j–l, Table 1). Upward flow occurred in the northern part of the EJS, and downward flow occurred in the southern part after the typhoon (Figure 6a–c, Table 1). The EPV was strongest in the NE and weakest in the SE. The MLD was 5.6–12.7 m deeper than before the typhoon, and the range of its variations was largest in the SW and smallest in the NE (Figure 6d–f, Table 1).





3.2. Responses in Fishery Resources


3.2.1. Type A


A total of 45 species weighing 151,200.4 kg were caught in the EJS before the KONGREY typhoon passed, with extremes of 45 species in the SW, 2 species in the NE, 85,263.1 kg in the SW, and 24,213.5 kg in the SE, respectively (Table 2 and Table A2). A total of 52 species and 270,389.2 kg were caught after the typhoon, with extremes of 52 species in the SW, 2 species in the NE, 195,422.6 kg in the SW, and 37,354.4 kg in the SE. Therefore, after the typhoon, the number of species and the total catch increased (Table 2 and Table A2). Both the number of species and catch increased the most in the SW (Figure 7a–f, Table 2). In the NE, the number of species did not change, and the total catch decreased (Figure 7a–f, Table 2). The species diversity in the EJS decreased slightly from 1.8 before the typhoon to 1.7 after the typhoon (Figure 7g–i, Table 2). The diversity of each area decreased from extremes of 0.1 and 2.2 in the NE and SW, respectively, before the typhoon to those of 0.1 and 1.8 in the NE and SW, respectively, after the typhoon (Figure 7g–i, Table 2). Moreover, this diversity increased in the SE and NE (Figure 7g–i, Table 2); however, the number of species, total catch, and diversity increased along the typhoon path, with this trend being more evident in the SE, which is the right side in the southern part, and in the NE, which is the left side in the northern part, based on the typhoon path (Figure 7a–f). Additionally, responses of fishery resources (the number of species, total catch, and diversity) were compared during the non-typhoon period (Figure A2a–i) and the typhoon KONGREY period (Figure 3a–i). The responses of fishery increase along the typhoon pathway during the typhoon period was not seen during the non-typhoon period. In particular, diversity tends to decrease during non-typhoon periods in the NE.




3.2.2. Type B


A total of 31 species and 215,391.7 kg were caught in the EJS before the DANAS typhoon passed, with extremes of 31 species in the SW, 2 species in the NE, 185,131.2 kg in the SW, and 8274.0 kg in the SE caught (Table 2 and Table A2). A total of 31 species and 219,588.9 kg were caught after the typhoon, with extremes of 30 species in the SW, 2 species in the NE, 217,913.9 kg in the SW, and 1675.0 kg in the SE (Table 2 and Table A2). The number of species and total catch did not change after the typhoon (Figure 8a–f, Table 2). In the SW area, the total catch increased the most, while the number of species and total catch decreased in the NE area (Figure 8a–f, Table 2). The species diversity in the EJS decreased from 1.8 before the typhoon to 1.7 after the typhoon (Figure 8g–i, Table 2). The diversity by each area decreased from extremes of 1.2 in the SW and 0.1 in the NE before the typhoon to those of 1.3 in the SW and 0 in the NE after the typhoon (Figure 8g–i, Table 2). There was a tendency in the SW for the diversity to increase and in the SE and NE for it to decrease. Overall, the number of species, total catch, and diversity increased (Figure 8a–i, Table 2), which was noticeable in the SE along the typhoon path (Figure 8a–i). In particular, this decrease was the largest in the NE, but the distribution pattern increased in the SW (Figure 8a–i, Table 2). After the typhoon, the fishing ground tends to reduce from the NE to the SW (Figure 8a–i), but unlike the typhoon DANAS period, the fishing ground tends to expand to the NW and shift northward (Figure A3a–i). In addition, during the typhoon period, responses of fishery decrease along the typhoon path. However, the number of species, total catch, and diversity tend to increase during the non-typhoon period compared to the typhoon period.




3.2.3. Type C


A total of 31 species and 51,129.4 kg were caught in the EJS before the HALONG typhoon passed, with extremes of 31 species in the SW, 1 species in the NE, 32,992.0 kg in the SW, and 821.4 kg in the SE caught (Table 2 and Table A2). After the typhoon, 32 species and 93,161.3 kg were caught, with extremes of 30 species in the SW, 2 species in the NE, 25,744.3 kg in the SW, and 920.3 kg in the SE caught (Table 2 and Table A2). Changes in the number of species were not evident after the typhoon, but the total catch increased (Figure 9a–f, Table 2). The total catch tended to decrease in the SW but increased the most in the NE (Figure 9d–f, Table 2). The species diversity in the EJS decreased from 1.4 before the typhoon to 0.9 after the typhoon (Figure 9g–i, Table 2); however, regional diversity decreased from extremes of 1.8 in the SW and 0 in the NE before the typhoon to those of 2.0 in the SW and 0 in the NE after the typhoon (Figure 9g–i, Table 2). There was a tendency to increase throughout the EJS, but the range of change was smaller than that of other types (Figure 9g–i, Table 2). Additionally, responses of fishery resources were compared during the non-typhoon period (Figure A4a–i) and the typhoon HALONG period (Figure 5a–i). The responses of fishery increase along the typhoon pathway during the typhoon period was not seen during the non-typhoon period.




3.2.4. Type D


A total of 33 species and 49,900.0 kg were caught in the EJS before the HAISHEN typhoon passed, with extremes of 33 species in the SW, 1 species in the SE, 48,443 kg in the SW, and 1456.7 kg in the SE caught (Table 2 and Table A2). After the typhoon, 35 species and 146,598.1 kg were caught, with extremes of 35 species in the SW, 4 species in the SE, 117,438.9 kg in the SW, and 29,159.1 kg in the SE (Table 2 and Table A2). Changes in the number of species were not evident after the typhoon (Figure 10a–c, Table 2), but the total catch increased (Figure 10d–f, Table 2). The total catch had the largest increase in the SW, and the change in the number of species was the largest in the SE (Figure 10a–f, Table 2). The species diversity in the EJS decreased from 2.2 before the typhoon to 1.9 after the typhoon (Figure 10g–i, Table 2). The diversity of each area decreased from the extremes being 2.2 in the SW and 0 in the NE before the typhoon to those being 2.0 in the SW and 0.4 in the SE after the typhoon (Figure 10g–i, Table 2). There was a tendency to decrease in the SW, but an increase in the SE. The distribution of the number of species increased, but the total catch and diversity decreased along the typhoon path (Figure 10a–i). During the non-typhoon period, unlike the typhoon HAISHEN period, the fishing ground tends to expand from the SW to NE and shift northward (Figure A5a–i). In addition, the number of species, total catch, and diversity tend to decrease during the non-typhoon period compared to the typhoon period.






4. Discussion


The upper ocean changes due to typhoons passing through were affected by the pathways of the typhoons and the oceanic conditions (water temperature, stratification, etc.). These changes caused rapid ecosystem changes (distribution, species composition, food web, etc.). In this study, we classified the typhoon movement path entering the EJS by type and analyzed the response of the marine environment and fishery resources after the typhoon by type.



SSC and Chl-a blooming occurred after the typhoon, the mixed layer depth was deeper, and the vertical circulation was stronger than before the typhoon. These changes in the upper ocean result from solar radiation being blocked from the atmosphere when the typhoon approaches the EJS, which creates a strong counterclockwise wind that facilitates mixing with upwelling. Chl-a variations were similar after the typhoon in Types A and B, but SST in all areas decreased in Type A, whereas the change in SST was the largest in the northern part in Type B. In the case of Type C, SST was significantly reduced in the eastern part, and the change in Chl-a was similar to that before the typhoon in each area. In Type D, SST and Chl-a changes were the largest in the western part. Environmental changes due to the passage of the typhoons differed depending on the structure of the water mass and stratification by area [14,52]. In the northern part of the EJS, based on the polar front, the mixed layer was deeply distributed, and stratification formed shallower because the difference in water temperature between the surface and bottom waters was relatively lower. In particular, the eastern part of Vladivostok had a stronger vertical mixing and weaker stratification than the western part because the counterclockwise cycle formed due to the influence of the northeast monsoon [32,33]. In contrast, the East Korea Warm and North Korea Cold Currents integrate to form a vertical water temperature gradient in the southern part of the EJS. The mixed layer in the western part was shallower than that in the eastern part because this warm water layer was formed deeper in the western part [53,54,55]. The SSC caused by the typhoon was the strongest in the northern part, where the stratification was relatively weak and cold water was distributed at the bottom, while it was the lowest in the SW, where the stratification was strong, and the warm water layer was thick. This change is related to the active vertical mixing caused by the typhoon in the northern part, where the thickness of the warm water layer is shallow, and the density gradient by depth is relatively small. However, in the SW, where the vertical density gradient is more extensive, and the warm water layer is thickly distributed, the change range of SSC was lower than that in the northern part, and mixing was formed in the warm water layer after the typhoon. Chl-a was highly distributed in the northern part, which is relatively well mixed compared to the southern part. In such an environment, the change in EJS primary productivity after the typhoon is likely the result of a substantial supply of bottom nutrients in the SW mixed into the deep layer due to the typhoon.



The intense wind stress accompanying the typhoon caused vertical mixing with upwelling around the typhoon’s path. This change in the upper oceanic condition was maintained for several days after the typhoon, as the inertial movement repeated the vertical circulation. The changes in EPV and MLD were strongest in the surrounding area along the typhoon pathway. Changes in the typhoon pathways and the upper oceanic conditions affect the wind direction on the coast of the EJS and cause environmental changes. Mixing with upwelling was formed in Types A, B, and D, meaning that the typhoon was fueled by a northward wind maintained along the coast of the EJS. Low-temperature and high-nutrient bottom waters are supplied to the surface, causing SSC and Chl-a blooming to occur at the coast of the EJS. However, in Type C, the typhoon caused downwelling by the southward wind, and the high temperatures of the open sea were transferred to the coastal region, causing the range of cooling to be lower, and the change in Chl-a did not differ from its pre-typhoon levels. The SSC and Chl-a changes lasted 6–12 d after the typhoon. Unlike in the North Pacific Ocean, upwelling due to a low-pressure vortex only occurred stronger during the typhoon, and highly turbulent diffusion had a more significant effect than upwelling, which affects the environmental structure of the EJS [12,56]. In this study, the vertical circulation effect caused by the passage of the typhoon was strongest near the typhoon path when the typhoon entered the EJS, causing changes in the upper oceanic conditions.



These changes in the marine environment after a typhoon may directly or indirectly affect the structure of the marine ecosystem and the distribution of fishery resources [22,24,40]. The distribution of ectothermic animals, such as fish, requires water temperature conditions that can allow them to adapt to survival or environmental conditions and are favorable for feeding activities. In particular, changes in the water temperature of a habitat are among the most important factors affecting their distribution [57,58]. The change in oceanic conditions within a short period after a typhoon influences the behavior of fishery resources.



Overall, biomass and species diversity changes were affected by the intensity of the environmental changes caused by the passage of typhoons. After typhoons, diversity tended to decrease in areas with higher fluctuations in SST and Chl-a, and the number of species and the total catch decreased. In contrast, diversity increased in areas where fluctuations in SST and Chl-a were relatively low, and the number of species and total catch increased. According to the optimal environmental window hypothesis [59], changes in marine ecosystem structure are closely related to wind strength, and moderate disturbances in marine ecosystems provide an ecologically beneficial environment for increasing primary production using nutrients supplied to the surface and feeding ecology of juveniles. In the SW, where the disturbance caused by the typhoon was relatively weak, SSC and Chl-a blooming due to upwelling were strongly observed. Accordingly, an environment favorable for small fish to engage in feeding activities was formed, and it was determined that the number of species and total catch increased. However, in the northern part, where vertical mixing is strong due to the passage of typhoons, primary production was relatively lower, and catches were lower due to the spatial dispersion of fishery resources.



Changes in diversity are sensitive to changes in bycatch species and dominant species within the fish community [60,61]. Changes in the distribution of water temperature, prey organisms, and predators caused by typhoons are major causes of changes in the diversity of fishery resources in the short term. In particular, after typhoons, except for Type C, the water temperature in the upper layer became colder, and the temperature in the lower layer warmed, showing a tendency for the warm water layer to deepen. Due to this difference, catches of warm-current fish species (squid, anchovy, etc.) increased in the SW, and cold-current fish species, such as herring, moved to the deep layer, and the catch seemed to decrease.



These results are similar in Tachibana Bay [24]. After passing through the typhoon, the heat was transferred to a deeper layer. Accordingly, the area or depth of different water temperatures was moved according to the habitat characteristics of Engraulis japonicus, Trachurus japonicus, and Sarda orientalis [24,62]. It is suggested that vertical mixing through the water column in the EJS dispersed the thermal energy of the upper layer to the deep layer, expanding the habitat of pelagic fish. Therefore, the change in water temperature after the typhoon caused a change in the depth distribution of warm and cold water species habitats, and it is thought that biomass changes occurred accordingly. In particular, the squid tended to move south faster in Type B, where surface cooling occurred more strongly in the northern part than in Type A, where cooling occurred in all areas after the typhoon. These results were similar to the formation of squid fishing grounds in areas where Chl-a increased to avoid cold water areas formed after typhoons in the East China Sea [22,25].



Furthermore, the fishing ground of the red snow crab was formed in the SW, where pelagic fish were concentrated as Chl-a increased after the typhoon. This study could not clearly explain the connection between the change in the environment of the upper layer and the change in the distribution of red snow crabs after the typhoon; however, the increase in biological productivity in the upper layer owing to the influence of typhoons can also affect the deep-sea ecosystem. Organic matter is one of the food sources supplied to deep-sea ecosystems, as it preys on primary production at the surface and sinks into the bottom through the food web during the phytoplankton bloom [63,64] and can affect the distribution of demersal fish [64,65]. The sedimentation rate of organic particles sinking from the upper layer of the ocean to the bottom layer is approximately 70–200 m/day, and the sedimentation rate may be faster due to disturbances caused by typhoons [66,67,68]. Additionally, the disturbance of the upper ocean due to the typhoon affects the mortality rate of small fish such as juveniles [2,69,70,71] and changes in primary production and organic matter formed by the decomposition of the corpse, which can sink to the bottom layer and affect the short-term change in the distribution of demersal fish. The change in water temperature due to typhoons is transmitted to the upper and lower layers. Further research is needed to understand the link between deep-sea ecosystems and pelagic ecosystems, such as the response of deep-sea fishery resources after typhoons.



Recently, as SST has risen due to climate change and the North Pacific high pressure has expanded and strengthened to the northwest, the frequency of typhoons moving from south to north in the EJS is expected to increase [44,72,73]. Moreover, short-term atmospheric external forces such as typhoons are a major factor affecting the marine ecosystem environment through air–sea interactions, and predicting the distribution of fishery resources and the change in species diversity using the impact of typhoons through on-site observation and a physical–biological coupled model for fishery environment prediction and sustainable fishery is necessary.




5. Conclusions


Typhoons are accompanied by strong winds that change the vertical structure of the water column in the EJS through upwelling and mixing. Changes in the physical environment owing to the passage of typhoons activate the circulation of materials between the upper and lower layers. As a result, changes in Chl-a, species diversity, and biomass of fishery resources occur; however, the response characteristics of each area in the EJS differ depending on the typhoon pathway. In the EJS, when a typhoon moves from southwest to northeast, or it moves northward along the western coast, changes in the marine environment and fishery resources were relatively great compared to the other pathways due to the increase in residence time and right-side influence area of the typhoon. In the future, ocean warming is expected to intensify the stratification, and climate change will affect the intensity and path of typhoons and change their timing and frequency. For the sustainable use of fishery resources and effective fishing activities, we need to understand how typhoons change the shape of fisheries, and this study can provide important information for understanding this process.
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Figure A1. Best track of the typhoon pathways affecting the East/Japan Sea. 






Figure A1. Best track of the typhoon pathways affecting the East/Japan Sea.
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Figure A2. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon KONGREY. 






Figure A2. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon KONGREY.
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Figure A3. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon DANAS. 






Figure A3. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon DANAS.
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Figure A4. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon HALONG. 






Figure A4. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon HALONG.
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Figure A5. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon HAISHEN. 






Figure A5. Horizontal distribution of long-term mean (2016–2020) fishing conditions (number of species (a–c), total catch (d–f), and diversity (g–i) during the non–typhoon period similar to Typhoon HAISHEN.
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Figure A6. Horizontal distribution of total catch (upper) and catch per unit effort (CPUE, lower) for major pelagic species (common squid) for 2019 (a,e), 2020 (b,f), and before (c,g) and after (d,h) the Typhoon HAISHEN. 






Figure A6. Horizontal distribution of total catch (upper) and catch per unit effort (CPUE, lower) for major pelagic species (common squid) for 2019 (a,e), 2020 (b,f), and before (c,g) and after (d,h) the Typhoon HAISHEN.
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Figure A7. Horizontal distribution of total catch (upper) and catch per unit effort (CPUE, lower) for major pelagic species (red snow crab) in 2019 (a,e), 2020 (b,f), and before (c,g) and after (d,h) the Typhoon HAISHEN. 






Figure A7. Horizontal distribution of total catch (upper) and catch per unit effort (CPUE, lower) for major pelagic species (red snow crab) in 2019 (a,e), 2020 (b,f), and before (c,g) and after (d,h) the Typhoon HAISHEN.
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Table A1. Information on the target typhoon affecting the East/Japan Sea.






Table A1. Information on the target typhoon affecting the East/Japan Sea.





	Type
	Number
	Name
	Grade
	Size
	Occurrence
	Enter
	Dissipate





	A
	1825
	KONGREY
	5
	M
	September 2018
	6 October 2018
	7 October 2018



	B
	1324
	DANAS
	4
	M
	4 October 2013
	9 October 2013
	9 October 2013



	C
	1411
	HALONG
	5
	M
	29 July 2014
	10 August 2014
	15 August 2014



	D
	2010
	HAISHEN
	4
	L
	1 September 2020
	7 September 2020
	7 September 2020







M: medium, and L: large.
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Table A2. Changes in the landing (kg) of fish by sea area before, after, and difference between 15 d before and after the typhoon.






Table A2. Changes in the landing (kg) of fish by sea area before, after, and difference between 15 d before and after the typhoon.





	

	
Type A

	
Type B

	
Type C

	
Type D




	

	
SW

	
SE

	
NW

	
NE

	
Total

	
SW

	
SE

	
NW

	
NE

	
Total

	
SW

	
SE

	
NW

	
NE

	
Total

	
SW

	
SE

	
NW

	
NE

	
Total




	

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b

	
a






	
Aptocyclus ventricosus

	
38

	
194

	
-

	
-

	
-

	
-

	
-

	
-

	
38

	
194

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
17

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
17




	
Arctoscopus japonicus

	
452

	
3059

	
-

	
-

	
-

	
-

	
-

	
-

	
452

	
3059

	
383

	
467

	
-

	
-

	
-

	
-

	
-

	
-

	
383

	
467

	
213

	
80

	
-

	
-

	
-

	
-

	
-

	
-

	
213

	
80

	
3212

	
1440

	
-

	
-

	
-

	
-

	
-

	
-

	
3212

	
1440




	
Batoidea

	
33

	
20

	
200

	
125

	
-

	
-

	
-

	
-

	
233

	
145

	
50

	
-

	
100

	
300

	
-

	
-

	
-

	
-

	
150

	
300

	
30

	
-

	
100

	
100

	
-

	
-

	
-

	
-

	
130

	
100

	
59

	
55

	
-

	
238

	
-

	
-

	
-

	
-

	
59

	
293




	
Chelidonichthys spinosus

	
19

	
33

	
-

	
-

	
-

	
-

	
-

	
-

	
19

	
33

	
-

	
15

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
15

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
94

	
126

	
-

	
-

	
-

	
-

	
-

	
-

	
94

	
126




	
Chionoecetes japonicus

	
30,002

	
50,289

	
20,809

	
30,143

	
-

	
-

	
-

	
-

	
50,812

	
80,432

	
107,088

	
116,400

	
4000

	
-

	
-

	
-

	
-

	
-

	
111,088

	
116,400

	
545

	
741

	
-

	
-

	
-

	
-

	
-

	
-

	
545

	
741

	
1248

	
20,924

	
-

	
26,383

	
-

	
-

	
-

	
-

	
1248

	
47,306




	
Clupea pallasii

	
5956

	
2752

	
-

	
-

	
-

	
-

	
-

	
-

	
5956

	
2752

	
16

	
600

	
-

	
-

	
-

	
-

	
-

	
-

	
16

	
600

	
158

	
101

	
-

	
-

	
-

	
-

	
-

	
-

	
158

	
101

	
4154

	
5663

	
-

	
-

	
-

	
-

	
-

	
-

	
4154

	
5663




	
Cololabis saira

	
-

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
30

	
12

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
12

	
-

	
-

	
5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Conger myriaster

	
1217

	
1752

	
-

	
-

	
-

	
-

	
-

	
-

	
1217

	
1752

	
952

	
1502

	
-

	
-

	
-

	
-

	
-

	
-

	
952

	
1502

	
1579

	
1567

	
-

	
-

	
-

	
-

	
-

	
-

	
1579

	
1567

	
887

	
1642

	
-

	
-

	
-

	
-

	
-

	
-

	
887

	
1642




	
Cottidae

	
23

	
12

	
-

	
-

	
-

	
-

	
-

	
-

	
23

	
12

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
149

	
109

	
-

	
-

	
-

	
-

	
-

	
-

	
149

	
109




	
Doederleinia berycoides

	
590

	
514

	
-

	
-

	
-

	
-

	
-

	
-

	
590

	
514

	
200

	
175

	
-

	
-

	
-

	
-

	
-

	
-

	
200

	
175

	
548

	
183

	
-

	
-

	
-

	
-

	
-

	
-

	
548

	
183

	
467

	
571

	
-

	
-

	
-

	
-

	
-

	
-

	
467

	
571




	
Engraulis japonicus

	
6430

	
8404

	
-

	
-

	
-

	
-

	
-

	
-

	
6430

	
8404

	
8883

	
6740

	
-

	
-

	
-

	
-

	
-

	
-

	
8883

	
6740

	
2621

	
6233

	
-

	
-

	
-

	
-

	
-

	
-

	
2621

	
6233

	
8640

	
14,400

	
-

	
-

	
-

	
-

	
-

	
-

	
8640

	
14,400




	
Gadus macrocephalus

	
4580

	
3284

	
-

	
-

	
-

	
-

	
-

	
-

	
4580

	
3284

	
694

	
443

	
-

	
-

	
-

	
-

	
-

	
-

	
694

	
443

	
235

	
177

	
-

	
-

	
-

	
-

	
-

	
-

	
235

	
177

	
1114

	
2562

	
-

	
-

	
-

	
-

	
-

	
-

	
1114

	
2562




	
Gymnothorax kidako

	
295

	
324

	
-

	
-

	
-

	
-

	
-

	
-

	
295

	
324

	
154

	
110

	
-

	
-

	
-

	
-

	
-

	
-

	
154

	
110

	
26

	
126

	
-

	
-

	
-

	
-

	
-

	
-

	
26

	
126

	
87

	
225

	
-

	
-

	
-

	
-

	
-

	
-

	
87

	
225




	
Hemitripterus villosus

	
51

	
101

	
-

	
-

	
-

	
-

	
-

	
-

	
51

	
101

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
59

	
85

	
-

	
-

	
-

	
-

	
-

	
-

	
59

	
85




	
Hexagrammos agrammus

	
12

	
25

	
-

	
-

	
-

	
-

	
-

	
-

	
12

	
25

	
16

	
14

	
-

	
-

	
-

	
-

	
-

	
-

	
16

	
14

	
11

	
6

	
-

	
-

	
-

	
-

	
-

	
-

	
11

	
6

	
91

	
301

	
-

	
-

	
-

	
-

	
-

	
-

	
91

	
301




	
Hexagrammos otakii

	
34

	
7

	
-

	
-

	
-

	
-

	
-

	
-

	
34

	
7

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Konosirus punctatus

	
198

	
343

	
-

	
-

	
-

	
-

	
-

	
-

	
198

	
343

	
2237

	
3632

	
-

	
-

	
-

	
-

	
-

	
-

	
2237

	
3632

	
3780

	
1758

	
-

	
-

	
-

	
-

	
-

	
-

	
3780

	
1758

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Labridae

	
10

	
3

	
-

	
-

	
-

	
-

	
-

	
-

	
10

	
3

	
9

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
9

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
30

	
-




	
Lateolabrax japonicus

	
27

	
53

	
-

	
-

	
-

	
-

	
-

	
-

	
27

	
53

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
23

	
23

	
-

	
-

	
-

	
-

	
-

	
-

	
23

	
23

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Liparis tessellatus

	
52

	
78

	
-

	
-

	
-

	
-

	
-

	
-

	
52

	
78

	
187

	
58

	
-

	
-

	
-

	
-

	
-

	
-

	
187

	
58

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Lophiomus setigerus

	
4419

	
4118

	
-

	
-

	
-

	
-

	
-

	
-

	
4419

	
4118

	
804

	
446

	
-

	
-

	
-

	
-

	
-

	
-

	
804

	
446

	
2364

	
925

	
-

	
-

	
-

	
-

	
-

	
-

	
2364

	
925

	
2082

	
3400

	
-

	
-

	
-

	
-

	
-

	
-

	
2082

	
3400




	
Miichthys miiuy

	
-

	
7

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
7

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Mugil cephalus

	
52

	
73

	
-

	
-

	
-

	
-

	
-

	
-

	
52

	
73

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
29

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
29

	
-

	
16

	
28

	
-

	
-

	
-

	
-

	
-

	
-

	
16

	
28




	
Okamejei kenojei

	
-

	
6

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
6

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
18

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
18




	
Oncorhynchus keta

	
113

	
209

	
-

	
-

	
-

	
-

	
-

	
-

	
113

	
209

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Pampus argenteus

	
5

	
71

	
-

	
-

	
-

	
-

	
-

	
-

	
5

	
71

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Paralichthys olivaceus

	
310

	
353

	
-

	
-

	
-

	
-

	
-

	
-

	
310

	
353

	
54

	
92

	
-

	
-

	
-

	
-

	
-

	
-

	
54

	
92

	
94

	
100

	
-

	
-

	
-

	
-

	
-

	
-

	
94

	
100

	
30

	
71

	
-

	
-

	
-

	
-

	
-

	
-

	
30

	
71




	
Pennahia argentata

	
-

	
19

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
19

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Pleurogrammus azonus

	
52

	
150

	
-

	
-

	
-

	
-

	
-

	
-

	
52

	
150

	
81

	
24

	
-

	
-

	
-

	
-

	
-

	
-

	
81

	
24

	
50

	
3

	
-

	
-

	
-

	
-

	
-

	
-

	
50

	
3

	
-

	
20

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
20




	
Pleuronectiformes

	
10,184

	
21,674

	
-

	
75

	
-

	
-

	
-

	
-

	
10,184

	
21,749

	
8012

	
7852

	
75

	
-

	
-

	
-

	
-

	
-

	
8087

	
7852

	
5855

	
6953

	
50

	
83

	
-

	
-

	
-

	
-

	
5905

	
7036

	
15,743

	
29,055

	
-

	
50

	
-

	
-

	
-

	
-

	
15,743

	
29,105




	
Pleuronichthys cornutus

	
41

	
49

	
-

	
-

	
-

	
-

	
-

	
-

	
41

	
49

	
51

	
124

	
-

	
-

	
-

	
-

	
-

	
-

	
51

	
124

	
96

	
53

	
-

	
-

	
-

	
-

	
-

	
-

	
96

	
53

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Sardinops sagax

	
-

	
8520

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
8520

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Saurida undosquamis

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
150

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
150

	
20

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
20

	
-

	
130

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
130

	
-




	
Scomber japonicus

	
360

	
101

	
-

	
-

	
-

	
-

	
-

	
-

	
360

	
101

	
125

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
125

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
121

	
179

	
-

	
-

	
-

	
-

	
-

	
-

	
121

	
179




	
Scomberomorus niphonius

	
616

	
1307

	
-

	
-

	
-

	
-

	
-

	
-

	
616

	
1307

	
281

	
115

	
-

	
-

	
-

	
-

	
-

	
-

	
281

	
115

	
58

	
62

	
-

	
-

	
-

	
-

	
-

	
-

	
58

	
62

	
301

	
656

	
-

	
-

	
-

	
-

	
-

	
-

	
301

	
656




	
Scombrops boops

	
1

	
10

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
10

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
4




	
Scorpaenidae

	
79

	
71

	
-

	
-

	
-

	
-

	
-

	
-

	
79

	
71

	
70

	
50

	
-

	
-

	
-

	
-

	
-

	
-

	
70

	
50

	
20

	
44

	
-

	
-

	
-

	
-

	
-

	
-

	
20

	
44

	
37

	
119

	
-

	
-

	
-

	
-

	
-

	
-

	
37

	
119




	
Sebastiscus marmoratus

	
19

	
21

	
-

	
-

	
-

	
-

	
-

	
-

	
19

	
21

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
40

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
40

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Seriola dumerili

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
50

	
50

	
-

	
-

	
-

	
-

	
-

	
-

	
50

	
50

	
37

	
75

	
-

	
-

	
-

	
-

	
-

	
-

	
37

	
75

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Seriola lalandi

	
35

	
31

	
-

	
-

	
-

	
-

	
-

	
-

	
35

	
31

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
28

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
28

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Seriola quinqueradiata

	
4399

	
1474

	
-

	
-

	
-

	
-

	
-

	
-

	
4399

	
1474

	
228

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
228

	
30

	
43

	
50

	
-

	
-

	
-

	
-

	
-

	
-

	
43

	
50

	
208

	
309

	
-

	
-

	
-

	
-

	
-

	
-

	
208

	
309




	
Sillago sihama

	
-

	
8

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
8

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Sparidae

	
113

	
161

	
10

	
-

	
-

	
-

	
-

	
-

	
123

	
161

	
31

	
93

	
-

	
-

	
-

	
-

	
-

	
-

	
31

	
93

	
49

	
21

	
-

	
-

	
-

	
-

	
-

	
-

	
49

	
21

	
7

	
58

	
-

	
-

	
-

	
-

	
-

	
-

	
7

	
58




	
Stephanolepis cirrhifer

	
66

	
227

	
-

	
-

	
-

	
-

	
-

	
-

	
66

	
227

	
112

	
29

	
-

	
-

	
-

	
-

	
-

	
-

	
112

	
29

	
8

	
22

	
-

	
-

	
-

	
-

	
-

	
-

	
8

	
22

	
43

	
416

	
-

	
-

	
-

	
-

	
-

	
-

	
43

	
416




	
Stichaeus grigorjewi

	
6

	
9

	
-

	
-

	
-

	
-

	
-

	
-

	
6

	
9

	
-

	
70

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
70

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3




	
Tanakas snailfish

	
231

	
185

	
-

	
-

	
-

	
-

	
-

	
-

	
231

	
185

	
82

	
336

	
-

	
-

	
-

	
-

	
-

	
-

	
82

	
336

	
47

	
30

	
-

	
-

	
-

	
-

	
-

	
-

	
47

	
30

	
110

	
438

	
-

	
-

	
-

	
-

	
-

	
-

	
110

	
438




	
Tetraodontidae

	
184

	
414

	
-

	
3775

	
-

	
-

	
453

	
455

	
637

	
4644

	
105

	
1204

	
-

	
1375

	
-

	
-

	
491

	
-

	
596

	
2579

	
15

	
-

	
-

	
-

	
-

	
-

	
-

	
115

	
15

	
115

	
271

	
90

	
-

	
-

	
-

	
-

	
-

	
-

	
271

	
90




	
Gadus chalcogramma

	
1

	
5

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Thunnini

	
-

	
60

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
60

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
100

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
100

	
1620

	
170

	
-

	
-

	
-

	
-

	
-

	
-

	
1620

	
170




	
Todarodes pacificus

	
12,759

	
82,825

	
3194

	
3237

	
-

	
-

	
41,271

	
37,157

	
57,225

	
123,219

	
52,003

	
71,964

	
4099

	
-

	
-

	
-

	
21,496

	
-

	
77,598

	
71,964

	
14,268

	
5870

	
671

	
737

	
-

	
-

	
17,316

	
66,382

	
32,255

	
72,989

	
4987

	
30,694

	
1457

	
2489

	
-

	
-

	
-

	
-

	
6444

	
33,183




	
Trachurus japonicus

	
124

	
428

	
-

	
-

	
-

	
-

	
-

	
-

	
124

	
428

	
375

	
3500

	
-

	
-

	
-

	
-

	
-

	
-

	
375

	
3500

	
-

	
10

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
10

	
128

	
460

	
-

	
-

	
-

	
-

	
-

	
-

	
128

	
460




	
Tribolodon hakonensis

	
5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
20

	
20

	
-

	
-

	
-

	
-

	
-

	
-

	
20

	
20




	
Trichiurus lepturus

	
49

	
282

	
-

	
-

	
-

	
-

	
-

	
-

	
49

	
282

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Zeus faber

	
-

	
55

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
55

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3

	
-




	
Others

	
1022

	
1227

	
-

	
-

	
-

	
-

	
-

	
-

	
1022

	
1227

	
1788

	
1630

	
-

	
-

	
-

	
-

	
-

	
-

	
1788

	
1630

	
104

	
367

	
-

	
-

	
-

	
-

	
-

	
-

	
104

	
367

	
2296

	
3112

	
-

	
-

	
-

	
-

	
-

	
-

	
2296

	
3112




	
Total

	
85,264

	
195,427

	
24,213

	
37,355

	
-

	
-

	
41,724

	
37,612

	
151,203

	
270,394

	
185,133

	
217,915

	
8274

	
1675

	
-

	
-

	
21,987

	
-

	
215,394

	
219,590

	
32,994

	
25,745

	
821

	
920

	
-

	
-

	
17,316

	
66,497

	
51,131

	
93,162

	
48,444

	
117,440

	
1457

	
29,160

	
-

	
-

	
-

	
-

	
49,901

	
146,599








b: 15 d before the typhoon and a: 15 d after the typhoon.
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Table A3. Fishery catch data classified fisher and fishing gear types from National Federation of Fisheries Cooperatives (NFFC).






Table A3. Fishery catch data classified fisher and fishing gear types from National Federation of Fisheries Cooperatives (NFFC).





	Fish Species
	Habitat
	Fishing Gear





	Flatfish
	Demersal
	Gill net



	Red snow crab
	Demersal
	Gill net, trap fishing



	Cod
	Demersal
	Gill net



	Monkfish
	Demersal
	Gill net



	Pollock
	Demersal
	Gill net



	Squid
	Pelagic
	Gill net



	Herring
	Pelagic
	Gill net, jigging



	Mackerel
	Pelagic
	Gill net



	Pacific saury
	Pelagic
	Gill net



	Japanese Spanish markerel
	Pelagic
	Gill net
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Figure 1. Map showing study area divided based on subpolar front and surface current circulation in the East/Japan Sea (NW: Northwestern, NE: Northeastern, SW: Southwestern, SE: Southeastern); The red, blue, and black lines represent warm current, cold current, and counterclockwise circulation by northwestern monsoon, respectively. 
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Figure 2. Best tracks of the selected typhoon pathways that affected the East/Japan Sea. 
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Figure 3. Horizontal distribution of oceanic conditions (Ekman pumping velocity (a–c), mixed layer depth (d–f), sea surface temperature (g–i), chlorophyll a (j–l)) before (a,d,g,j) and after (b,e,h,k) the typhoon, and the difference (c,f,i,l) between 15 d before and after the typhoon KONGREY. 
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Figure 4. Horizontal distribution of oceanic conditions (Ekman pumping velocity (a–c), mixed layer depth (d–f), sea surface temperature (g–i), chlorophyll a (j–l)) before (a,d,g,j) and after (b,e,h,k) the typhoon, and the difference (c,f,i,l) between 15 d before and after the typhoon DANAS. 
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Figure 5. Horizontal distribution of oceanic conditions (Ekman pumping velocity (a–c), mixed layer depth (d–f), sea surface temperature (g–i), chlorophyll a (j–l)) before (a,d,g,j) and after (b,e,h,k) the typhoon, and the difference (c,f,i,l) between 15 d before and after the typhoon HALONG. 
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Figure 6. Horizontal distribution of oceanic conditions (Ekman pumping velocity (a–c), mixed layer depth (d–f), sea surface temperature (g–i), chlorophyll a (j–l)) before (a,d,g,j) and after (b,e,h,k) the typhoon, and the difference (c,f,i,l) between 15 d before and after the typhoon HAISHEN. 
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Figure 7. Horizontal distribution of fishery responses (number of species (a–c), total catch (d–f), and diversity (g–i)) before (a,d,g) and after (b,e,h) the typhoon and the difference (c,f,i) between 15 d before and after typhoon KONGREY. 
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Figure 8. Horizontal distribution of fishery responses (number of species (a–c), total catch (d–f), and diversity (g–i)) before (a,d,g) and after (b,e,h) the typhoon and the difference (c,f,i) between 15 d before and after typhoon DANAS. 






Figure 8. Horizontal distribution of fishery responses (number of species (a–c), total catch (d–f), and diversity (g–i)) before (a,d,g) and after (b,e,h) the typhoon and the difference (c,f,i) between 15 d before and after typhoon DANAS.
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Figure 9. Horizontal distribution of fishery responses (number of species (a–c), total catch (d–f), and diversity (g–i)) before (a,d,g) and after (b,e,h) the typhoon and the difference (c,f,i) between 15 d before and after the typhoon HALONG. 






Figure 9. Horizontal distribution of fishery responses (number of species (a–c), total catch (d–f), and diversity (g–i)) before (a,d,g) and after (b,e,h) the typhoon and the difference (c,f,i) between 15 d before and after the typhoon HALONG.
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Figure 10. Horizontal distribution of fishery responses (number of species (a–c), total catch (d–f), and diversity (g–i)) before (a,d,g) and after (b,e,h) the typhoon and the difference (c,f,i) between 15 d before and after the typhoon HAISHEN. 






Figure 10. Horizontal distribution of fishery responses (number of species (a–c), total catch (d–f), and diversity (g–i)) before (a,d,g) and after (b,e,h) the typhoon and the difference (c,f,i) between 15 d before and after the typhoon HAISHEN.
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Table 1. Changes in oceanic conditions (EPV; Ekman pumping velocity, MLD; mixed layer depth, SST; sea surface temperature, and Chl-a; Chlorophyll a) by sea area before and after the typhoon and the difference between 15 d before and after the typhoon.
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Type A

	
Type B

	
Type C

	
Type D




	

	
SW

	
SE

	
NW

	
NE

	
SW

	
SE

	
NW

	
NE

	
SW

	
SE

	
NW

	
NE

	
SW

	
SE

	
NW

	
NE






	
EPV

(  ×   10  6   )

	
b

	
−0.41

	
−0.01

	
−0.05

	
−0.04

	
−0.43

	
0.01

	
−0.27

	
−0.25

	
−0.08

	
−0.26

	
−0.15

	
0.12

	
−0.03

	
0.03

	
0.15

	
−0.20




	
a

	
−0.16

	
−0.08

	
−0.25

	
0.07

	
−0.47

	
0.19

	
−0.37

	
−0.12

	
0.13

	
0.05

	
−0.04

	
0.29

	
−0.04

	
−0.22

	
0.17

	
0.46




	
d

	
0.25

	
−0.08

	
−0.20

	
0.11

	
−0.04

	
0.18

	
−0.10

	
0.13

	
0.21

	
0.31

	
0.11

	
0.17

	
−0.01

	
−0.26

	
0.02

	
0.66




	
MLD

(m)

	
b

	
25.1

	
29.1

	
22.5

	
27.2

	
23.7

	
26.4

	
22.9

	
26.3

	
12.4

	
13.3

	
10.7

	
11.5

	
14.3

	
15.1

	
14.8

	
17.0




	
a

	
32.6

	
37.5

	
29.5

	
33.7

	
32.2

	
33.3

	
30.1

	
33.6

	
14.3

	
16.2

	
14.5

	
16.5

	
27

	
24.8

	
25.3

	
22.6




	
d

	
7.5

	
8.4

	
7.0

	
6.5

	
8.5

	
6.9

	
7.3

	
7.3

	
1.9

	
3.1

	
3.8

	
5.0

	
12.7

	
9.7

	
10.5

	
5.6




	
SST

(℃)

	
b

	
19.7

	
20.4

	
17.1

	
16.5

	
19.5

	
21

	
15.2

	
15.5

	
22.0

	
23.3

	
19.8

	
19.3

	
22.5

	
24.6

	
18.9

	
19.4




	
a

	
17.5

	
18.6

	
14.7

	
14.5

	
17.8

	
19.2

	
12.7

	
13.1

	
21.0

	
22.1

	
19.4

	
18.1

	
18.8

	
22.8

	
15.5

	
18.3




	
d

	
−2.2

	
−1.9

	
−2.4

	
−2.0

	
−1.7

	
−1.7

	
−2.5

	
−2.4

	
−1.0

	
−1.2

	
−0.4

	
−1.2

	
−3.7

	
−1.9

	
−3.4

	
−1.2




	
Chl−a

(mg/m3)

	
b

	
0.43

	
0.31

	
0.7

	
0.26

	
0.44

	
0.29

	
0.59

	
0.27

	
0.27

	
0.28

	
0.23

	
0.20

	
0.44

	
0.24

	
0.55

	
0.24




	
a

	
0.64

	
0.42

	
0.85

	
0.38

	
0.66

	
0.4

	
0.66

	
0.34

	
0.28

	
0.29

	
0.22

	
0.21

	
0.68

	
0.32

	
1.16

	
0.32




	
d

	
0.21

	
0.11

	
0.15

	
0.12

	
0.22

	
0.11

	
0.07

	
0.08

	
0.01

	
0.01

	
−0.01

	
0.01

	
0.24

	
0.08

	
0.61

	
0.09








b: 15 d before the typhoon, a: 15 d after the typhoon, and d: difference between 15 d before and after the typhoon.
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Table 2. Changes in fishery responses (number of species, total catch, and diversity) by sea area before and after the typhoon and the difference between 15 d before and after the typhoon.
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Type A

	
Type B

	
Type C

	
Type D




	

	
SW

	
SE

	
NW

	
NE

	
SW

	
SE

	
NW

	
NE

	
SW

	
SE

	
NW

	
NE

	
SW

	
SE

	
NW

	
NE






	
Number of species

	
b

	
45

	
4

	
-

	
2

	
31

	
4

	
-

	
2

	
31

	
3

	
-

	
1

	
33

	
1

	
-

	
-




	
a

	
52

	
5

	
-

	
2

	
30

	
2

	
-

	
0

	
30

	
3

	
-

	
2

	
35

	
4

	
-

	
-




	
d

	
7

	
1

	

	
0

	
−1

	
−2

	

	
−2

	
−1

	
0

	

	
1

	
2

	
3

	

	




	
Total catch

	
b

	
85,263.2

	
24,213.5

	
-

	
41,723.9

	
185,131.2

	
8274.0

	
-

	
21,986.6

	
32,991.9

	
821.4

	
-

	
17,316.0

	
48,443.5

	
1456.7

	
-

	
-




	
a

	
195,422.8

	
37,354.5

	
-

	
37,612.2

	
217,914.0

	
1675.0

	
-

	
0.0

	
25,744.5

	
920.3

	
-

	
66,496.6

	
117,439.1

	
29,159.1

	
-

	
-




	
d

	
110,159.6

	
13,141.0

	

	
−4111.7

	
32,782.8

	
−6599.0

	

	
−21,986.6

	
−7247.4

	
98.9

	

	
49,180.6

	
68,995.6

	
27,702.4

	

	




	
Diversity

	
b

	
2.2

	
0.4

	
-

	
0.1

	
1.2

	
0.8

	
-

	
0.1

	
1.8

	
0.6

	
-

	
0.0

	
2.2

	
0.0

	
-

	
-




	
a

	
1.8

	
0.6

	
-

	
0.1

	
1.3

	
0.5

	
-

	
0.0

	
2.0

	
0.6

	
-

	
0.0

	
2.0

	
0.4

	
-

	
-




	
d

	
−0.4

	
0.2

	
-

	
0.0

	
0.1

	
−0.3

	
-

	
−0.1

	
0.2

	
0.0

	
-

	
0.0

	
−0.2

	
0.4

	
-

	
-








b: 15 d before the typhoon, a: 15 d after the typhoon, and d: difference between 15 d before and after the typhoon.
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