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Abstract

:

The response of a summer upwelling system to recent climate change in the Taiwan Strait has been investigated using a time series of sea surface temperature and wind data over the period 1982–2019. Our results revealed that summer upwelling intensities of the Taiwan Strait decreased with a nonlinear fluctuation over the past four decades. The average upwelling intensity after 2000 was 35% lower than that before 2000. The long-term changes in upwelling intensities show strong correlations with offshore Ekman transport, which experienced a decreasing trend after 2000. Unlike the delay effect of canonical ENSO events on changes in summer upwelling, ENSO Modoki events had a significant negative influence on upwelling intensity. Strong El Niño Modoki events were not favorable for the development of upwelling. This study also suggested that decreased upwelling could not slow down the warming rate of the sea surface temperature and would probably cause the decline of chlorophyll a in the coastal upwelling system of the Taiwan Strait. These results will contribute to a better understanding of the dynamic process of summer upwelling in the Taiwan Strait, and provide a sound scientific basis for evaluating future trends in coastal upwelling and their potential ecological effects.
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1. Introduction


Coastal upwelling is an important component of circulation in the shelf marginal sea. It develops when prevailing alongshore winds force offshore Ekman transport of surface waters, which brings cold, nutrient-rich water up to the euphotic layer, leading to high concentrations of chlorophyll [1,2]. Understanding how coastal upwelling systems respond to climate change has become an area of intensive research in recent years because of the importance of upwelling to marine fisheries, biodiversity, and the carbon cycle. Many studies on eastern boundary upwelling systems [3,4,5] demonstrate an enhancement trend in upwelling intensity under modern climate change. Meanwhile, weakening upwelling trends are observed in other regions, such as the NW Iberian Peninsula coastal upwelling [6], which is contrary to the hypothesis of Bakun [3]. These studies have revealed that upwelling trends depend heavily on a time series of different seasons, lengths, and sources, as well as the location analyzed [7,8,9,10]. However, little research has been conducted on the effect of global warming on the western boundary upwelling during the Asian summer monsoon region [11]. This topic is especially important due to the already stressed condition of the upwelling ecosystem in this region due to human activities such as overfishing and pollution.



The Taiwan Strait (TWS) is an important channel connecting the South China Sea and the East China Sea. It is characterized by rough bottom topography (Figure 1) and a complicated current system. The circulation of the TWS is controlled mainly by the East Asia monsoon [12]. Strong northeasterly winds prevail in the winter, and weak southwesterly winds dominate in the summer [13]. During the summer monsoon, the circulation of TWS is controlled by the warm SCS water. At this time, upwelling events are generally observed along the coast of the western TWS and around the Taiwan Bank [14,15]. Beginning in the 1980s, extensive studies have been conducted to examine the location, variability, control mechanisms, and ecological response of upwelling in the TWS based on in situ measurements, satellite observations, or numerical modelling [16,17,18,19,20,21,22]. The characteristics of several dominant upwelling subregions such as the Pingtan upwelling zone (PTU), the Dongshan Upwelling zone (DSU), and the Taiwan Bank upwelling zone (TBU) have also been investigated. These studies have demonstrated that these upwellings are principally induced by the southwesterly monsoon and the ascending movement of the northward, near-bottom current along the bottom topography [14]. Moreover, the size or intensity of upwelling-related low temperature zones have substantial variability, and that variation over short-term or interannual time scales is significantly controlled by alongshore wind stress [23,24,25,26]. Furthermore, long-term changes in sea surface temperature have been investigated using long-term time series of satellite-derived sea surface temperature datasets [27,28]. However, long-term changes in summer upwelling in the TWS have not been fully studied and understood. Detailed information on the influence of upwelling on sea surface temperature and chlorophyll a is particularly lacking.



As the dominant modes of earth climate indices, ENSO (El Niño Southern Oscillation) events play an important role in the hydrodynamics and ecosystems of many upwelling systems [29,30]. Studies have shown that there are two types of ENSO events. One is the canonical El Niño event, in which anomalous warming occurs in the eastern equatorial Pacific Ocean. Its variation can be represented by the normalized Multivariate El Niño/Southern Oscillation Index (MEI) [31]. Significantly positive (negative) values of the MEI indicate El Niño (La Niña) conditions. Another variation is El Niño Modoki, characterized by a warm SST anomaly in the central equatorial Pacific. The normalized El Niño Modoki index (EMI) is used to distinguish the changes of El Niño Modoki events [32]. The more positive the EMI, the stronger the El Niño Modoki. Thus far, research on the hydrodynamics and ecosystems of the Taiwan Strait by canonical ENSO events has received a lot of attention [28,33,34]. These studies suggest that the delayed ENSO effect is a major mechanism for the interannual variability of hydrodynamics in the Taiwan Strait. However, little research has been conducted on the impact of ENSO Modoki events on changes in the ecological environment of the TWS upwelling system.



In this study, we utilize available time series of sea surface temperature (SST), wind, and chlorophyll a to investigate the long-term changes in upwelling intensity in the Taiwan Strait. The questions addressed in this research include: How has the upwelling system of the TWS responded to climate change over the past decades? Are there any differences in the trends of upwelling intensity for the main three upwelling subregions including PTU, DSU, and TBU? Do ENSO Modoki events have any effects on upwelling? What are the influences of long-term changes in upwelling intensity on sea surface temperature and chlorophyll a? The answers to these questions are very important to our understanding of the dynamic process of upwelling as well as to the management and protection of fishery resources in the TWS in the context of global change.




2. Materials and Methods


2.1. SST Data


The AVHRR Pathfinder Version 5.3 (PFV5.3) sea surface temperature (SST) data from 1982 to 2019 were obtained from the US National Oceanographic Data Center and GHRSST (http://pathfinder.nodc.noaa.gov, accessed on 5 March 2021). The PFV5.3 SST data are an updated version of the Pathfinder Versions 5.0 and 5.1 collection described in Saha et al. [35]. The PFV5.3 SST dataset is a collection of global, twice daily (day and night) 4-km sea surface temperature data. The validation of PFSST with a drifting buoy indicated that it agreed well with in situ observations in the study region, with a mean bias ± standard deviation (STD) of −0.33 °C ± 0.79 °C [36]. The PFSST dataset has been widely used for global or regional ocean and climate studies [37].



In this study, the night daily SST data were used to calculate the monthly SST through arithmetic averaging. Next the summer average SST was calculated from the monthly data for June, July, and August. Anomalies in SST (SSTA) were calculated as the deviation from the summer climatological means between 1982 and 2019.




2.2. Characterization of Upwelling Based on SST and Wind


In order better to characterize changes in the upwelling zones of TWS, the difference in SST (ΔSST) between the TWS and non-upwelling zone were calculated. The ΔSST calculation was performed by subtracting the average SST of the non-upwelling zone from the SST of the TWS. The TWS refers to the water between 22–26°N and 116.5–121.5°E, as shown in Figure 1. The non-upwelling zone refers to the offshore water between 22–26°N and 124–124.5°E (Figure 2a). The subregions DSU, PTU, and TBU are also illustrated in Figure 2a.



Upwelling intensity (R) is defined following the methods from Kuo et al. [38] and Shang et al. [24]:


  R =  ∑  Δ  T i   d i   A i   



(1)




where Ai is the area of the upwelling region, ΔTi is ΔSST, that is, the decrease in SST relative to the average SST of non-upwelling water, and di refers to the upwelling depth. Pond and Pickard [39] estimated di by


   d i  =   4.3  V i      sin  |   φ i   |       



(2)




where Vi is the wind speed and φi is the latitude of the upwelling zones. They are represented as the average wind speed and latitude of the PTU, DSU, and TBU zones. The ΔTi Ai in the three upwelling zones was calculated pixel by pixel on waters colder than non-upwelling water by a threshold value. For the three upwelling subzones, the threshold value was chosen as 2.0 °C. Figure 2b indicates that the SST difference of the −2.0 °C contour was consistent with the positions of the fronts between cold upwelling water and warm water.




2.3. Wind Data and Ekman Transport


The monthly European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 global 0.25° × 0.25° reanalysis dataset was downloaded from the Asia-Pacific Data Research center (http://apdrc.soest.hawaii.edu/, accessed on 5 March 2021). ERA5 is the fifth generation ECMWF reanalysis for the global climate and weather, covering from 1979 to 2019. Two variables, the 10-m u wind component (Wx) and v wind component (Wy) were used in this study.



The zonal and meridional components of wind stress (τx,τy) were calculated from the wind speed (W = (Wx,Wy)) according to Zhang et al. [28], as follows:


   τ x  =  ρ a   C d     (   W x 2  +  W y 2   )    1 / 2    W x  ,  



(3)






   τ y  =  ρ a   C d     (   W x 2  +  W y 2   )    1 / 2    W y   



(4)




where ρa is the air density (1.22 kg m−3) and Cd is the dimensionless drag coefficient from Trenberth et al. [40]:


   C d  =  {       (  0.49 + 0.065 W  )  ×   10   − 3       f o r    W > 10 m    s  − 1          1.14 ×   10   − 3       f o r      3   ≤ W ≤   10 m    s  − 1         0.62 + 1.56  W  − 1       f o r    W ≤ 3 m    s  − 1          



(5)







The Ekman transport factors Qx and Qy were calculated as follows:


   Q x  =    τ y     ρ w  f    



(6)






   Q y  =   −  τ x     ρ w  f      



(7)




where ρw is the density of sea water (1025 kg m−3), f is the local Coriolis parameter (defined as twice the component of the angular velocity of the earth, Ω, at latitude θ, or f = 2Ω sin(θ), where Ω = 7.292 × 10−5 s−1).



The cross-shore Ekman transport (Qcross), which also refers to upwelling index, is defined as the Ekman transport component in the direction perpendicular to the shoreline [41]. It was calculated as follows:


   Q  c r o s s   =  Q x  sin  ( φ )  −  Q y  cos  ( φ )   



(8)




where φ is the mean angle between the shoreline and the equator. Positive values of Qcross indicate upwelling-favorable conditions, while negative values of Qcross indicate downwelling-favorable conditions [41].




2.4. Other Data


Monthly level-3 chlorophyll a (Chl) data from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the Aqua satellite (retrieved with the MODIS OC3M standard algorithm) were obtained from the Ocean Biology Processing Group (OBPG) at NASA’s Goddard Space Flight Center (http://oceancolor.gsfc.nasa.gov, accessed on 5 March 2021). The temporal coverage was between 2003 and 2019, and the spatial resolution was 4 km.



The numerical values of the monthly Multivariate ENSO (El Niño/Southern Oscillation) Index (MEI), and El Niño Modoki index (EMI) were downloaded from Earth System Research Laboratory’s Physical Sciences Division (PSD) of National Oceanic and Atmospheric Administration (https://www.esrl.noaa.gov/psd/enso/mei/, accessed on 5 March 2021), and the Japan Agency for Marine-Earth Science and Technology (http://www.jamstec.go.jp/frsgc/research/d1/iod/modoki_home.html.en, accessed on 5 March 2021), respectively.




2.5. Statistical Method


The Locally Weighted Scatterplot Smoother (LOWESS or LOESS) method was used in this study to detect non-linear trends. In some cases, linear regression cannot clarify the relationships between variables and cannot detect the trend of a data series. To overcome such limitations and provide qualitative results, the LOWESS method is found to be an effective regression approach for long-term environmental data with non-linear trends [42,43,44]. As a non-parametric smoothing procedure and locally weighted average model, the LOWESS method produces a smooth line through a scatterplot, which helps to understand the trends of variables [43]. Detailed information about this method can be found in studies by Cleveland [43] and Lee et al. [42].





3. Results


The temporal variation of upwelling intensity (R) calculated based on SST and wind data in the three subregions of PTU, DSU, and TBU are shown in Figure 3. The variability of R in the three subregions is almost the same. There were no significant differences between R of any two subregions using the independent t–test.



Statistical results show that the upwelling intensity decreased every year from 1982 to 2019 (Figure 3), but the linear trend of R did not pass the significance test. The LOWESS was then adopted to detect the non-linear trend of R over time. The regression fit lines from LOWESS are overlaid on Figure 3, as shown by the dotted lines. All of these regression fit lines pass the significance test (p < 0.05). Figure 3 shows that the changes in R varied with a non-linear fluctuation over the period 1982–2019. The R increased slightly before 1996 and during 2003–2007, and decreased from 1996 to 2003 and after 2007.



Four different periods during the 1980s (1982–1989), 1990s (1990–1999), 2000s (2000–2009), and 2010s (2010–2019) were chosen to further investigate variation in upwelling intensity (Figure 4). Figure 4 indicates that the upwelling intensity in the three sub regions was the lowest in the 2000s, and the R decreased significantly from the 1990s to 2000s. From the 2000s to the 2010s, the R of the three subregions increased. However, the average value of R in the 2010s was much smaller than the R before 2000. We roughly separated the time series data into two periods separated by the year 2000. Table 1 shows the statistical results in changes of R before 2000 and after 2000. On average, the upwelling intensity (R) after 2000 was 35% less than that before 2000. Among the three subregions, the decrease of R in PTU is the most obvious, with R decreasing by 46%.



Similar variations were also found in the cross-shore Ekman transport (Qcross, Figure 5) using linear and LOWESS method. During the study period, there was a slight increase in Qcross before 1996, then a decrease during 1996–2003. After 2003, the Qcross increased during 2003–2007, and slightly decreased after 2007. The average value of Qcross after 2000 was much lower than before 2000 (Table 1), especially for the PTU.




4. Discussion


4.1. Changes of Upwelling Intensity


Figure 3 and Figure 4, and Table 1, show that from 1982 to 2019, the upwelling intensity in the Taiwan Strait varied with a nonlinear fluctuation. Although the linear trend of decreasing R did not pass the significance test, the average upwelling intensity after 2000 was 35% lower than that before 2000 (Table 1). Similar upwelling weakening was found along the Hainan and Zhejiang coast of the China Sea [45,46]. Liu et al. (2013) demonstrated that since the 1960s, the upwelling intensity in the northern South China Sea has decreased. Other upwelling systems, such as the Iberian coastal upwelling [47] and low latitude Canary upwelling system [7], are reported to have a weakening in upwelling intensity. The decreasing upwelling trend seen in these areas is quite different from the north eastern boundary upwelling systems, which have a strengthening of upwelling [2,48].



Figure 3 and Figure 5 indicate that the changes in upwelling intensity of PTU, DSU, and TBU are consistent with changes in cross-shore Ekman transport. Further statistical correlations (Figure 6) show that there are significant correlation between R and Qcross in the three subregions (p ≤ 0.05), especially in the PTU and DSU, which suggests that Ekman transport is the dominant mechanism pumping cold water upward to the surface in the TWS. Several studies have also demonstrated that short-term or interannual variability of coastal upwelling is closely correlated with changes in alongshore wind stress in the TWS [23,26].



In recent decades, the East Asian summer monsoon has been observed to weaken [49,50]. Figure 5 and Table 1 reveal that the upwelling-favorable Ekman transport of the three subregions in the TWS decreased over the last 40 years. Therefore, the decreasing alongshore wind might have contributed greatly to the weakening of the upwelling intensity after 2000.




4.2. Difference of Upwelling Systems between PTU, DSU, and TBU


There is no significant difference in the trend of upwelling intensity in the three subregions (Figure 3). However, some differences still exist in their inter-annual changes. For example, the highest R of PTU occurred in 1998, while the maximums of DSU and TBU were in 1996. The upwelling intensity of PTU and DSU is more significantly affected by the wind than is TBU (Figure 6). Moreover, the decrease of R in PTU after 2000 was much stronger than in DSU and TBU (Table 1).



Previous findings have shown the different short-term and inter-annual variation patterns of coastal upwelling in the north and south part of the western TWS [24,26]. These studies suggest that the upwelled water of these two upwelling regions comes from the adjacent East China Sea and the South China Sea. The possible reasons for the different behavior of upwelling in the three subregions are supposed to be related to differing sources of upwelled water or the control mechanism.



Upwelling-favorable local wind and topography are two key factors that drive the upwelling in the Northern South China Sea [51]. Topography is the main mechanism for triggering the upwelling of the Taiwan Bank [14]. However, Figure 6 indicates that at a long-term time scale, the changes in cross-shore Ekman transport might play some role in the changes of upwelling intensity of TBU (r = 0.41 p = 0.011). For the PTU and DSU, the southwest wind has been suggested to be an important factor for controlling the variation in upwelling intensity [13,15]. The simulation results based on a numerical model also reveal that the southerly wind plays a key role in shaping the upwelling strip in the PTU, while the local coastline geometry and topography are responsible for the spatial distribution of upwelling cold core [18].



It should be noted that there are unavoidable biases in the upwelling intensity expressed by SST. Sometimes the TWS is affected by summer typhoons [52] that cause cold sea surface temperature. Furthermore, satellite-derived SST contains a certain degree of deviation because of clouds or the algorithm. However, the R comprehensively considers the influencing factors of SST and wind on upwelling [38], and the variation of upwelling indicated by R is very similar to that of Qcross. Therefore, the R is a valuable index for characterizing upwelling intensity in the TWS in summer.




4.3. Relationship with Canonical ENSO and ENSO Modoki


Canonical ENSO events can affect the East Asia Monsoon through atmosphere-SST interaction and midlatitude-tropical interaction in the western North Pacific [53]. Previous studies have found that canonical El Niño events caused a stronger southwesterly wind in summer and weaker northeasterly wind in winter in the northwestern Pacific [53,54]. Kuo and Ho [34] and Shang et al. [33] suggest that the canonical ENSO events can affect wind patterns in the TWS, and therefore modulate the sea surface currents to result in SST changes. Hong et al. [26] showed that a delayed ENSO effect was a major mechanism in the TWS upwelling system. Our results show the same tendency. Both R and Qcross are highly correlated with MEI at a time lag of 3 to 12 months (Table 2). It seems probable that the TWS upwelling system is modulated by other forces, such as the East Asian monsoon, and it may be overwhelmed by delayed tropical Pacific ENSO signals when the ENSO signals are strong enough [26,55].



Unlike the delay effect of canonical ENSO events on the changes in summer upwelling in the TWS (Table 2), a negative linear correlation exists in the relationship between R and Qcross with EMI (Figure 7). The correlation coefficient for R/EMI is −0.32 (p = 0.05) and for Qcross/EMI, it is −0.5 (p < 0.01). This result reveals that the El Niño Modoki has a more direct and much stronger impact on the upwelling system of TWS than the canonical El Niño has. During the positive phase of El Niño Modoki, a warm SST anomaly shifted from the east equatorial Pacific to the central equatorial Pacific, which suggests the associated low-level anomalous wind pattern is more distinct and closer to the Asian continent than the canonical ENSO events [56]. Therefore, El Niño Modoki might have a more significant influence on the East Asian summer climate than the canonical El Niño [56].



The East Asian summer monsoon tends to be weaker than normal during strong El Niño Modoki events [57,58] when northeasterly wind anomalies prevail over South China [59]. Strong El Niño Modoki events weaken offshore Ekman transport and are unfavorable for upwelling development. However, the situation is different in the case of La Niña Modoki, when the normal prevailing southwesterly winds are enhanced and the upwelling intensity increases.



To further investigate the impact of ENSO Modoki events on changes in upwelling intensities, we defined strong El Niño Modoki years as the years with average summer EMI > 0.5 and strong La Niña Modoki years as the years with average summer EMI < −0.5. Between 1982 and 2019, the strong El Niño Modoki years included 1994, 2002, and 2004; the strong La Niña Modoki years included 1983, 1997, 1998, 1999, and 2008. Statistics revealed that the average upwelling intensity (R) and Qcross in strong La Niña Modoki years were 5.2 and 2.2 times higher than they were in strong El Niño Modoki years.



Overall, whether considering canonical El Niño or El Niño Modoki, the warm and cold anomaly events associated with these events have played important roles in the interannual or long-term changes of coastal upwelling in the TWS. Some research has pointed out that the upwelling intensity has different response characteristics to different El Niño events [29]. Further quantitative analyses are needed to clarify the influence of ENSO events at their different stages. We do know that the occurrence of El Niño Modoki tends to increase under global warming [60]. Their impacts on the circulation or ecosystem of the TWS should be examined in more detail in future studies.




4.4. Impacts on SST


Previous studies have pointed out that upwelling is a key factor buffering ocean warming [61,62]. A general warming was observed at most oceanic and coastal locations in recent decades [63,64]. However, warming has been more intense in offshore than nearshore waters in most of the upwelling locations [61,65,66]. Researchers have demonstrated that enhancing upwelling could hinder the warming due to the continuous pumping of water from intermediate layers. In this study, the negative linear relationship between SSTA and upwelling intensity (Figure 8) in upwelling region of TWS also indicated that increased upwelling could result in a decrease in SST.



Figure 9 shows that SST increased significantly in the TWS coastal upwelling system (PTU and DSU) from 1982 to 2019. Statistics show that the warming rate of the TWS upwelling region was 0.27 °C/decade, and for the non-upwelling region it was 0.23 °C/decade. The warming rate of the coastal upwelling region was larger than for the non-upwelling region. This finding is in contrast to observations from other upwelling regions such as Benguela, Canary, or California, where a moderate coastal warming or cooling was linked to the intensification of coastal upwelling [67,68].



The underlying mechanism for SST warming was complicated and should be analyzed in future research involving numerical modeling. Nevertheless, the weakened upwelling after 2000 in the TWS (Figure 3 and Table 1) could not slow down the rise rate of SST, possibly due to the reducing vertical transport associated with upwelling. On the other hand, the warming could also produce a deepening of the upper mixed layer and a stronger stratification, which in turn reduce the upwelling intensity.




4.5. Implications for the Upwelling Ecosystem


Increased or decreased upwelling has profound implications for biogeochemical and phytoplankton patterns that affect the health of marine ecosystems [48,69,70,71]. We calculated the average Chl and the area of high Chl (Chl ≥ 1 mg/m3) over coastal areas such as PTU and DSU, then investigated their relationship with variations in upwelling intensity, as shown in Figure 10.



The weak positive correlation between upwelling intensity (R) and Chl concentration (Figure 10) indicates that strong upwelling can enhance phytoplankton growth by increasing the nutrient supply from subsurface layers. The correlation coefficients (r) were 0.37 (p = 0.14, n = 17) for Chl concentration and 0.47 (p = 0.057, n = 17) for high Chl area. These results are consistent with other studies from many coastal upwelling regions, which demonstrate that the phytoplankton production can be modified by local supply of nutrients through coastal upwelling [72,73]. The weakened upwelling in the TWS after 2000 (Figure 3 and Table 1) should be not favorable for phytoplankton growth. However, because the MODIS ocean color data are only available after 2002, we cannot compare the variation in Chl concentration before and after 2000. Therefore, maintaining a long time series of consistent ocean-color products is very important for evaluating the impact of climate change on biological fields.



Coastal upwelling regions are “hot spots” with high primary production [74,75]. The alteration of phytoplankton community composition was observed to be associated with different phases of upwelling events [76,77]. In the southern upwelling system of TWS, diatoms dominate in the recently upwelled and mature water. As the upwelled water ages, the community composition shifts rapidly to a coexistence of diatoms and Synechococcus [78]. Based on this pattern, changes in coastal upwelling associated with climate change could impact the base of food chain, then profoundly alter the functioning of marine ecosystems. The Taiwan Strait is one of the important areas in southeast China for fisheries production [13]. Minor changes in local water properties might significantly affect local fishery economics. Therefore, understanding the weakening/enhancing trend of coastal upwelling and the response of biological communities and their ecology will provide key information for predicting how marine ecosystem could react to future climate change.





5. Conclusions


Long-term changes in summer upwelling intensities in the Taiwan Strait were investigated using time series data on sea surface temperature and wind from 1982 to 2019. The results reveal that the summer upwelling of the Taiwan Strait showed a decreased trend with a nonlinear fluctuation over the past four decades. The average upwelling intensity after 2000 was 35% lower than that before 2000. The long-term changes in upwelling intensity are closely correlated with the changes in offshore Ekman transport (Qcross). The offshore Ekman transport also experienced a declined trend after 2000. There was no significant difference in the trend of upwelling intensity in the three subregions of Pingtan upwelling, Dongshan upwelling, and Taiwan Bank upwelling zones. Unlike the delay effect of canonical ENSO events on the changes in summer upwelling, the ENSO Modoki index had a significant negative correlation with upwelling intensity of TWS. Statistics indicated that the average upwelling intensity (R) and Qcross in strong La Niña Modoki years were 5.2 and 2.2 times higher than they were in strong El Niño Modoki years. Strong El Niño Modoki events were not favorable for the development of upwelling. Moreover, the decreased upwelling did not slow down the warming rate of sea surface temperature and could cause the decline of chlorophyll a in the coastal upwelling system of TWS.



SST and winds are important indicators for understanding variations in upwelling and the potential ecological response. Although changes in tide, stratification, currents, or other processes can contribute to the changes of upwelling, some of their effects in climate change scenarios are difficult to access or predict [66]. Thus, although more research is necessary, studies such as this one are a starting point for evaluating future trends in coastal upwelling and their potential ecological effects in the Taiwan Strait.
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Figure 1. Map of the study area, overlaid with the bathymetry contours in meters. TWS: Taiwan Strait; ECS: East China Sea; SCS: South China Sea; Is.: Island. 
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Figure 2. The spatial distribution of the difference in SST between the TWS and non−upwelling zone (a) and the SST gradient (b) of multi−year average summer sea surface temperature for 1982–2019 in the TWS. The calculation domain for the Pingtan upwelling (PTU), Dongshan upwelling (DSU), Taiwan Bank upwelling (TBU), and non−upwelling zone (N) are illustrated as red dashed lines on (a). The overlaid white contours represent a SST difference of −2 °C. 
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Figure 3. Temporal variation in upwelling intensity (R) from 1982 to 2019 for the Pingtan upwelling (PTU, a), Dongshan upwelling (DSU, b), and Taiwan Bank upwelling (TBU, c). The blue dotted lines and grey dashed lines represent the LOWESS fit lines and linear fit lines, respectively. 
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Figure 4. Variation in upwelling intensity (R) over four different periods. 
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Figure 5. Temporal variation of cross−shore Ekman transport (Qcross) from 1982 to 2019 for PTU (a), DSU (b), and TBU (c). The blue dotted lines and grey dashed liens represent the LOWESS fit lines and linear fit lines, respectively. 
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Figure 6. Relationship between the cross−shore Ekman transport (Qcross) and upwelling intensity (R) in PTU (a), DSU (b), and TBU (c). 
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Figure 7. Relationship between upwelling intensity (R), Qcross, and EMI for the coastal upwelling system of the Taiwan Strait. 
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Figure 8. Relationship between upwelling intensity (R) and SSTA for the coastal upwelling system of the Taiwan Strait. 
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Figure 9. Variation in SSTA for coastal upwelling region (a) and non−upwelling region (b) during 1982–2019. 
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Figure 10. Relationship between upwelling intensity (R) and chlorophyll a (Chl) concentration and the area of high Chl (HChl) for the coastal upwelling system of the Taiwan Strait. 
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Table 1. Statistical results in the change of R and Qcross before 2000 and after 2000.
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R

	

	

	
Qcross

	




	

	
PTU

	
DSU

	
TBU

	
PTU

	
DSU

	
TBU






	
1982–1999

	
610.0 ± 480.0

	
559.5 ± 461.3

	
564.8 ± 427.9

	
256 ± 160.3

	
174.4 ± 94.9

	
220.8 ± 87.0




	
2000–2019

	
326.1 ± 250.2

	
433.2 ± 329.3

	
356.6 ± 276.6

	
185.9 ± 84.3

	
149.0 ± 55.3

	
187.1 ± 52.8




	
Change rate

	
−46%

	
−22%

	
−37%

	
−27%

	
−14%

	
−15%
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Table 2. Lag correlation coefficients between Multivariate ENSO (El Niño/Southern Oscillation) Index (MEI) and R and Qcross, respectively.
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	Lag(month)
	R(p)
	Qcross(p)





	0
	−0.205(0.216)
	−0.218(0.187)



	−3
	0.430(<0.01)
	0.331(<0.05)



	−6
	0.470(<0.01)
	0.330(<0.05)



	−9
	0.451(<0.01)
	0.312(0.056)



	−12
	0.526(<0.01)
	0.443(<0.05)
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