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Unprecedented retardation of spring water temperature rising during the 2020 pandemic year was identified in the Socheongcho Ocean Research Station within the northeastern basin of the Yellow Sea: an exceptionally high water temperature anomaly in March and a contrasted low-temperature anomaly in May. The slowest temperature evolution was principally caused by the significant increase in latent heat releases in April (117% higher than the climatology of 1982–2019). Strong northwesterly winds generated these exceptional heat fluxes associated with the dipole-like atmospheric circulation pattern over Siberia and the East Sea (Japan Sea). Besides, warm winter water facilitated the enhanced release of latent heat fluxes as a precondition. The oceanic heat redistribution partially supported the cold anomaly in the surface layer up to the middle of May through positive feedback between the low surface temperature and the active entrainment associated with tidal turbulent mixing. The resultant low temperature at the surface weakened the vertical stratification, both impeding the activation of phytoplankton’s photosynthesis albeit under the eutrophic surface layer, consequently resulting in the delayed and suppressed spring bloom during 2020. Since such extreme events are anticipated to occur more frequently under global warming, our results highlight the importance of continuously monitoring multi-disciplinary environmental conditions, climate extremes, and their impact on the Yellow Sea marine ecosystem.
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1 Introduction

The Yellow and East China Seas (YECS) are known to be the most productive marine ecosystem in the world (Belkin, 2009; Ma et al., 2019). The total primary production in the YECS provides comprehensive ecological and socioeconomic benefits as an abundant marine resource for 300 million people: biodiversity hotspots (Leal et al., 2013; Khim et al., 2021), bird habitats (Fan et al., 2021), and fishery products (Shi et al., 2020). As global warming has accelerated over the last few decades, the magnitude and frequency of extreme climate events (i.e., marine heat waves and cold surges) have increased in the YECS (Horton et al., 2015; Oliver et al., 2018; Tan and Cai, 2018; Yamaguchi et al., 2019; Yeo and Ha, 2019; Lee et al., 2020). This extraordinary environmental change could cause stressful conditions for marine biota, potentially resulting in an irreversible shift in primary production and dominant species by exterminating valuable marine organisms. Thus, attention needs to be paid to understanding which critical modulators could determine the primary production for efficient marine resource management.

Water temperature is one of the key factors concerning primary production, particularly during algal bloom’s early stage (Zhou et al., 2013; Liu et al., 2015; Wang and Gao, 2020). The water column of the YECS is vertically mixed throughout winter and until early April (Kim et al., 2018a). This weak stratification facilitates turbulent mixing associated with intense tides and waves, supplying nutrients from the bottom into the euphotic layer, indicating a eutrophic status of the YECS until the start of the spring phytoplankton bloom that usually appears by late April. Water temperature in the cold season goes down below 8°C; however, the year-to-year winter/spring temperatures could be modulated by large-scale atmospheric circulations such as the Siberian High, the North Pacific Oscillation, the Pacific Decadal Oscillation, the Arctic Oscillation, and a local branch of the Kuroshio Current (Yeh and Kim, 2010; Zhang et al., 2010; Park et al., 2015; Cai et al., 2017; Kim et al., 2018b), through the air-sea heat exchange and oceanic advection in the YECS (Liu et al., 2014; Ha et al., 2019; Yeo and Nam, 2020). As shortwave radiation increases in spring, the water starts to warm up and stratify, thereby triggering the active growth of phytoplanktons by holding nutrients within the euphotic layer (Liu et al., 2015). The observed winter water temperatures from January to March of 2020 were exceptionally higher by 1.2°C than those of the years 2017 to 2019 in the northeastern Yellow Sea, as estimated by the Socheongcho Ocean Research Station (S-ORS; see Figure 1A for its location); the sea surface temperature (SST) was 0.8°C higher than during the normal years of 1982 to 2019 according to the OISSTv2 dataset (not shown). This high temperature anomaly in the cold season allows us to project the early onset of the spring bloom with a considerable magnitude and, consequently, an increase in the net primary production of the YECS.




Figure 1 | (A) Map of the monitoring site used in this study: the Socheongcho Ocean Research Station (S-ORS; star marker), the nutrient observation stations on the 307 line from the Korea Oceanographic Data Center (diamonds) with a bathymetry of 50 and 100 m. (B) Time-depth diagram of temperature (°C, shading) and fluorescence (mg m-3, contour) during the spring of 2017–2020 from the S-ORS. The fluorescence intervals are 2 mg m-3.



Fine dust is an additional source of nutrients for phytoplankton growth (Blain et al., 2004; Kim et al., 2011; Boreddy and Kawamura, 2015; Moon et al., 2021). Fine dust events, also known as the yellow dust, are common in spring over the downstream of China—the YECS and the Korean Peninsula—via the prevalent northwesterly winds. During the period 1980 to 2016, atmospheric nitrogen depositions emitted from northeast Asia increased in the Yellow Sea, resulting in an increase in nitrogen concentrations (Kim et al., 2011; Moon et al., 2021). These increases appear to have contributed to enhanced net primary productivity over the last four decades (Park et al., 2019). After the outbreak of the COVID-19 pandemic in December 2019, the Chinese government decided to put in place a total lockdown by halting daily life and industry to suppress the spread of the Coronavirus during the spring of 2020. This lockdown continued for around three months, from 23 January to 7 April, leading to a significant decline in air pollutant concentrations (Fan et al., 2020; Timmermann et al., 2020; Lee et al., 2021) and exceptionally sunny spring. For instance, fine dust concentrations decreased by 20% from 31.5 μg m-3 in 2016–2019 to 25.6 μg m-3 in 2020 in Seoul, the capital city of Korea (Han and Hong, 2020). This reduced fine dust might result in decreased nutrients supplied to the Yellow Sea, which, in turn, might presumably render a suppressed and delayed spring bloom.

How can we explain the counteracting effects of anomalously warm water during the cold season and the pandemic-related reduction of fine dust on the spring bloom in the Yellow Sea? We use observed time series from the air-sea monitoring system in the S-ORS, the northernmost station in the tower-type interdisciplinary monitoring network of the Korean ocean research stations in the YECS (Kim et al., 2019). This study finds that record-breaking slow warming of water happened in the spring of 2020 throughout the northeastern basin of the Yellow Sea. This low-temperature anomaly within the euphotic layer and the resultant homogenous water column resulted in a delayed and weaker spring bloom. The fine dust inferred from the S-ORS’s PM2.5 concentration barely decreased from March to April 2020 compared to the normal years 2017–2019. This unexpected change in the PM2.5 concentration seems to have had a marginal impact on the chlorophyll-a concentrations under the eutrophic water conditions of the Yellow Sea.



2 Data and Methods


2.1 Air-Sea Monitoring Observations From the S-ORS

Temperature and chlorophyll profilings for more than six weeks from April to May 2017–2020 were carried out twice a day by considering a tidal period using the SBE 19 plus v2 Conductivity-Temperature-Depth (CTD) on the S-ORS platform, located in the northeastern basin of the Yellow Sea around 50 km off the Korea peninsula (37° 25´ 23.3 N, 124° 44´ 16.9˝E). In addition, the water temperature was monitored every 10 minutes at a fixed level of 5 m from a moored CTD array using an SBE 37-IM CTD sensor. Hereafter, we refer to this time series as the SST. The essential atmospheric variables were monitored via a meteorological tower around 15 m in height located on the roof deck of the S-ORS, including wind, relative humidity, shortwave radiation, air temperature, and air pressure. Besides, air particle sensors observed the PM2.5 concentration on the roof deck from 2017. More detailed information about the S-ORS facilities, instruments, and measurements can be found in Kim et al. (2019). These observation data are available on request from the Korea Ocean Research Station project website https://kors.kiost.ac.kr and the global data center in the OceanSITES network website https://dods.ndbc.noaa.gov/thredds/catalog/oceansites/catalog.html.



2.2 Reanalysis Data

This study uses monthly mean datasets for the period 1982 to 2020: the gridded SST from the National Oceanic and Atmospheric Administration’s Optimal Interpolation Sea Surface Temperature version 2 (OISSTv2, obtained from https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html; Reynolds et al., 2007) and the atmospheric fields, including heat fluxes, a 10 m wind vector, and a 500-hPa geopotential height from the European Centre for Medium-Range Weather Forecasts Reanalysis 5 (ERA5, available from https://cds.climate.copernicus.eu; Hersbach et al., 2020). All the reanalysis datasets are on a 0.25° × 0.25° longitude-latitude grid. The statistical analyses were performed during the boreal spring season from March to May. The 2020 anomaly for each variable was calculated by subtracting the monthly climatology from 1982 to 2019. The statistical significance for the 2020 anomalies was determined by the criterion above and below one standard deviation from the monthly climatology. This study defines three important terms: 1) spring SST evolution as May minus March SST over the northeastern Yellow Sea (36.42°–38.42°N, 123.74°–125.74°E); 2) the winter SST index as January to March—the normalized time series of the cold months’ mean SST anomaly averaged over the northeastern Yellow Sea; 3) the dipole index as the normalized time series of geopotential height anomalies averaged over the East Sea (also referred to as the Japan Sea) (25°–40°N, 125°–145°E) minus Siberia (50°–70°N, 80°–120°E). A negative value in the dipole index means a stronger geopotential height anomaly (or high-pressure anomaly) over Siberia than the East Sea.



2.3 Numerical Experiments

The SST variations in the northeastern Yellow Sea are marginally influenced by oceanic heat transport associated with a flow that branches out from the Kuroshio Current (Kim et al., 2018b). This characteristic feature allows us to take advantage of the Generalized Ocean Turbulence Model (GOTM) to analyze dynamical ocean responses to atmospheric forcing and initial conditions (Burchard and Baumert, 1995). Our one-dimensional model has 101 vertical levels with a 0.5 m interval (depth of 50 m). The simulated results and main findings estimated from the 0.5 m vertical resolution were robust compared to those using the finer or coarser vertical resolution (i.e., 0.25–1 m), indicating that this vertical resolution is sufficient to resolve turbulent mixing and vertical heat entrainment in the Yellow Sea. The turbulent mixing intensity was calculated based on a k-epsilon turbulence closure scheme with the dynamic dissipation rate equation for a turbulent length scale. The numerical experiments were initialized with water temperature and salinity profiles and forced with meteorological background fields (i.e., wind, relative humidity, shortwave radiation, air temperature, and air pressure) obtained from the S-ORS to identify the effects of the oceanic and atmospheric boundary conditions on the spring temperature evolution process. The initial water temperature was assigned a specific value throughout the vertical column to reflect a fully mixed condition during winter. Since the water density and stratification are principally determined by the water temperature in the Yellow Sea (Kim et al., 2018a), this study allocated an initial salinity profile of 32 for all model experiments. Based on the Oregon State University (OSU)’s tidal inversion software TPX09, the tidal model driver generated external pressure gradients for the tidal formation in the experiments (Egbert and Erofeeva, 2002); this study assigned four dominant tidal constituents. Each experiment ran for about 60 days with a one-hour time step.

This study designed four experiments: CTRL, ALL2020, WWT2020, and ATM2020 (Table 1). The CTRL experiment represented a typical situation during normal years by assigning the 2017−2019 mean (or climatological) atmospheric fields and a winter water temperature of 5.6°C as the boundary and initial conditions, respectively. The ALL2020 was an experiment to simulate the temperature evolution for spring 2020 by prescribing the observed atmospheric fields and an initial water temperature of 7.6°C. The effect of the winter water on the temperature evolution could be estimated by using the difference between the ALL2020 and ATM2020, the latter of which was simulated using the 2020 atmospheric fields and 2017−2019 mean winter water temperature. Similarly, the difference between the ALL2020 and WWT2020 indicated the effects of the atmospheric state on the 2020 spring temperature evolution.


Table 1 | List of numerical experiments.






3 Results and Discussion


3.1 Record-Breaking Slow Water Warming During Spring 2020

The CTD profiling observations from the S-ORS revealed a low concentration of chlorophyll fluorescence, which barely increased to 2 mg m-3 in the middle of May 2020 (Figure 1B). Further, its peak time was delayed by more than a month relative to the normal years of 2017–2019. It is an analogy to the MODIS satellite data of negative anomalies chlorophyll-a concentration distribution from March to May 2020 in the Yellow Sea, with a substantial one in April (not shown). The low chlorophyll concentration at the S-ORS seems to have been closely related to the slow evolution of water temperature and stratification during spring 2020 (Figure 1B). Even though the water temperature during the winter of 2020 was around 1.2°C higher than during the normal years, the surface temperature only increased to 11.2°C by the end of May 2020, around 1°C lower than the normal years. This relative cold water and weak stratification probably prevented phytoplankton from germinating and undergoing active photosynthesis in spring (Zhou et al., 2013; Liu et al., 2015).

Figure 2 shows the spring SST evolution throughout the northeastern Yellow Sea for 1982−2020 from the OISSTv2 and 2017−2020 from the S-ORS. The mean SST warming in spring was 3.3°C per month with a standard deviation of 0.4°C per month for 1982−2019. The S-ORS SST data exhibited a similar rate to the reanalysis data for the period 2017−2020. Surprisingly, the SST warming during the spring of 2020 was the lowest for the last four decades: 2.4°C per month, less than two standard deviations from the climatology. The spring SST warming rate based on the observations from the S-ORS was 2.0°C per month, even lower than from the OISSTv2. This result indicates that the temperature evolution during spring 2020 was an unprecedented, record-breaking event for the last four decades. This result is, therefore, essential to understanding the dynamics of how the surface temperature evolution slowed down during spring 2020 to assess the implications of water temperature on phytoplankton growth and, thus, on the net primary production in the northeastern Yellow Sea. The relationship between the SST evolution and the winter SST and the April dipole indices (Figure 2) will also be described below in sections 3.2 and 3.3. These dynamics could be applied to shed light on the future climate of the Yellow Sea with global warming.




Figure 2 | Time series of the SST evolution between March and May from the S-ORS (solid black line with circle markers) and OISSTv2 (gray bars) averaged over the northeastern Yellow Sea [36.42°–38.42°N, 123.74°–125.74°E]. The solid red and orange lines indicate the dipole index and −1xJM SST index, respectively. The one and two standard deviations for the climatological period 1982–2019 are shown in the plot.





3.2 The contribution of oceanic and atmospheric factors to spring temperature evolution

A remarkable atmospheric change during spring 2020 appeared in the latent heat flux, as we will discuss below and in section 3.3. The strength of the winds and the temperature differences between the seawater and the air determined this flux. Therefore, we designed four numerical experiments to estimate the partial contribution of the water temperature and atmospheric fields to the spring temperature evolution (see Table 1 and section 2.3 for the numerical experiments).

As expected, the ALL2020 experiment shows the slowest warming in the spring SST, i.e., 1.7°C per month, while the SST warming rate is 3.5°C per month for the CTRL experiment (Figure 3A). These one-dimensional numerical experiments do not include oceanic advection. Nevertheless, as denoted by the solid/dashed lines in Figure 3A for the simulated/observed SSTs, the temperature evolution patterns from these two experiments are almost the same as those of the observed S-ORS temperatures. This result indicates the marginal role of oceanic heat advection in modulating the water temperature in the northeastern basin of the Yellow Sea, consistent with Kim et al. (2018b). The ALL2020 and CTRL experiments reflect that unique atmospheric forcing and initial temperature profile during spring 2020 together contributed to a warming rate difference of 1.8°C per month (= 3.5 minuses 1.7°C). The ATM2020 experiment renders a warming rate of 2.1°C per month, 1.4°C per month lower than one from the CTRL experiment. This drop in the warming rate suggests that 2020 atmospheric forcing accounts for up to 77.8% (1.4/1.8×100) of the extremely slow spring temperature evolution during spring 2020 (Figure 3A). This estimation, in turn, suggests that the warm winter water explains at least 22.2% of the 2020 spring temperature evolution. On the other hand, the WWT2020 experiment renders a warming rate of 2.6°C per month, which is 0.9°C per month lower than the one from the CTRL experiment, suggesting that the initial water temperature accounts for up to 50% (0.9/1.8×100) of the observed temperature evolution during spring 2020 (Figure 3A). Intriguingly, the substantial outgoing fluxes from the ocean in April (i.e., the negative latent heats in Figure 3B) appear to be associated with two strong cold surge events only for the experiments simulated with 2020 atmospheric forcing, that is, ALL2020 and ATM2020. When comparing the latent heat simulated by the ALL2020 experiment with that of ATM2020, the higher initial water temperature makes it possible to release the latent heat into the atmosphere more efficiently (Figure 3B). Collectively, the atmospheric forcing and winter water temperature as initial conditions seem to contribute to the 2020 spring temperature evolution by 50% to 77.8% and 22.2% to 50%, respectively.




Figure 3 | Time series of simulated (A) SST (°C) and (B) latent heat flux (W m-2) for the CTRL (black line), ALL2020 (red), WWT2020 (green), and ATM2020 (blue) from 1 April to 20 May. The dashed lines denote the observed SST during the period 2017–2019 and 2020 from the S-ORS.



Figure 4 also hints at a dynamic relationship between turbulent kinetic energy (TKE) and the spring evolution of the water temperature in the Yellow Sea. The CTRL and WWT2020 experiments, simulated using the normal year’s atmospheric forcing, project weaker TKE and higher temperatures within the upper part of the water, thereby rendering enhanced stratification because of the reduced entrainment of the surface heat to the lower layer of the water (Figures 4A, C). In contrast, the enhanced TKE, related to the cold surge events for the ALL2020 and ATM2020, transported heat efficiently from the surface to the bottom layer (Figures 4B, D). As shown in Figure 4F, the difference in the vertical water temperature between the ALL2020 and WWT2020 is large, with an anomalously cold surface of more than 2.5°C and a high bottom temperature up to 0.5°C by middle May, tending to form a vertically homogeneous temperature. A similar but less prominent vertical temperature gradient can be seen in the difference in the water temperature between the ALL2020 and ATM2020, which shows the effects of wintertime water temperature as an initial condition (Figure 4G).




Figure 4 | Time-depth diagram of temperature (°C, contour) and turbulent kinetic energy (m2 s-2, shading) simulated by the (A) CTRL, (B) ALL2020, (C) WWT2020, and (D) ATM2020 experiments for the period 1 April–20 May. Impact of (E) all factors (atmospheric forcing+initial water temperature+tidal forcing), (F) atmospheric forcing, (G) initial water temperature, and (H) tidal forcing on the spring temperature evolution, which was estimated by the temperature differences between the ALL2020 and CTRL, the ALL and WWT2020, the ALL2020 and ATM2020, and the ALL2020 and ALL2020woTide, respectively.



Strong TKE at the bottom appeared in all experiments, implying the indispensable heat exchanges between the surface and subsurface layers associated with tidal mixing (Figures 4A–D). To identify the role of heat entrainment associated with tidal forcing, we performed an extra experiment named ALL2020woTide (i.e., turn off the tidal forcing in ALL2020). The temperature difference between ALL2020 and ALL2020woTide experiments showed that the temperature changes went to about 0.4°C cooling at the upper layer compared to one (2.4°C) for the experiment between ALL2020 and CTRL, and more than 1.0°C warming in the lower layer by the middle of May associated with tidal mixing (Figure 4H). Given that heat losses from the sea surface result in a surface cooling anomaly such as in the 2020 spring case (Figure 4E), this cold anomaly tends to form a relatively homogeneous water column, which could facilitate TKEs reaching up to the surface layer across a weak thermocline in association with vigorous tidal mixing. In other words, the active entrainment redistributes surface heat into the subsurface layer, inducing an additional cold anomaly in the surface and also a warm anomaly in the subsurface layer; further, it weakens stratification and enhances entrainment. This positive feedback between surface temperature and turbulent entrainment, together with atmospheric forcing, might support why the low SST anomaly continued up to the end of May.

As inferred from Liu et al. (2015), the cold water in the upper layer could hinder the diatom’s and dinoflagellate’s germination, which are major phytoplankton, in the northeastern Yellow Sea during the spring bloom period (Jin et al., 2013; Fu et al., 2021). Besides, the weak stratification likely inhibits the accumulation of the chlorophyll-a concentration in the euphotic layer, resulting in weak and late spring blooms.



3.3 Large-Scale Atmospheric Circulation Associated With Spring Temperature Evolution

Figure 5 shows the spring evolution of the spatial fields of SST, latent heat, 10 m winds, and 500-hPa geopotential height anomalies from March to May 2020. The climatological SSTs over the Yellow Sea gradually increased from March to May, along with reduced latent heat releases into the air (Figures 5A–C). The 2020 SST anomalies over the northeastern basin of the Yellow Sea changed from a positive anomaly in March to a negative one in May. Accompanying a robust northwesterly wind anomaly over the Yellow Sea, the latent heat exhibited a significant negative anomaly of –26.4 W/m2 in April 2020—about a 117% increase compared to the climatology (Figures 5E, H and Table 2). This latent heat change was dominant with a similar magnitude for total heating (–21.8 W/m2), the sum of shortwave radiation (30.5 W/m2), longwave radiation (–21.3 W/m2), latent heat flux, and sensible heat flux (–4.6 W/m2) at the surface calculated from the surface net heat budget (Table 2). The anomalous shortwave radiation seemed principally compensated by instantaneous outgoing fluxes of of longwave radiation due to clear skies during 2020 spring (not shown).




Figure 5 | Spatial evolution of 2020 anomalies in (A–C) SST (°C), (D–F) latent heat flux (LH, W m-2), (G–I) 10m wind vector (m s-1), and (J) 500-hPa geopotential height (Z500, m) during the boreal spring. The contours in (A–F, J) denote the climatological fields from 1982 to 2019. The contour intervals are 2°C in (A–C), 30 W m-2 (D–F), and 100 m (J). The hatched areas in (A–J) represent the statistically significant regions at a 90% confidence level. The negative latent heat flux means heat loss from the ocean to the atmosphere (positive downward).




Table 2 | Magnitudes, anomalies, and percentages for heat flux components and their summation (i.e., Qnet=SW+LW+LH+SH) during April over the northeastern basin of the Yellow Sea.



Hereafter, we focus on the basin-scale northwesterly wind anomaly related to latent heat fluxes. A question that needs to be answered is how this northwesterly wind anomaly could have occurred over the Yellow Sea. Figure 5J presents the geopotential height anomaly at 500 hPa during April 2020. In the middle troposphere, the anticyclonic circulation anomaly developed between the Ural Mountains and the Lake Baikal areas over the Siberian region. At the same time, a cyclonic circulation anomaly formed over the East Sea. This height anomaly with a northwest-southeast dipole pattern was an equivalent barotropic structure extending from the lower to the upper level (not shown). The dipole pattern led to a northwesterly wind anomaly over the Yellow Sea. Then, more latent heat was released from the northeastern Yellow Sea into the atmosphere; consequently, the SST increased slowly during the spring of 2020.

The characteristic atmospheric circulation in spring 2020 could explain the spring temperature evolution during the normal years. The composite analysis of the oceanic/atmospheric variables was conducted with the cases of slow, rapid, and slow minus rapid SST evolution. Here, the slow and rapid SST evolution years are based on below and above one standard deviation from the climatology (see the thin black lines in Figure 2). There are eight selected slow SST evolution years (1982, 1990, 1996, 2000, 2002, 2007, 2013, 2020) and three rapid SST evolution years (1984, 1985, 2003). Slightly different composite years that considered the northeastern Yellow Sea domain produced similar results (not shown). When analyzing the composite mean evolution of the oceanic/atmospheric variables between the slow and rapid SST evolution years (Figure 6) and the composite for the slow SST evolution years (Figure S1), the slow temperature evolution pattern and its related large-scale atmospheric pattern were robust. Although there were fewer rapid SST evolution years than those with slow SST evolution, the result of the composite for the rapid SST evolution years (Figure S2) was nearly opposite to that of the slow SST evolution.




Figure 6 | The same as Figure 5, but for the composite mean differences between the slow and rapid SST evolution years.



Note that the spring SST evolution covaries with the dipole index and the winter SST index with a correlation of 0.57 and 0.39 (p = .0002 and p = .0141) for 1982–2020, respectively (refer to Figure 2). These correlations reflect that the dipole atmospheric circulation and the winter SST account for around 33% and 15% of the year-to-year variance of spring SST evolution, respectively (percentages together about 50%). This result seems to reflect that other factors, including the warm current branched out from the Kuroshio, precipitation, aerosol-radiation/aerosol-cloud interactions, riverine discharges, and heat entrainment between surface and subsurface layers associated with turbulent mixing, could render year-to-year spring temperature evolution and also possibly affect the localized evolution throughout the Yellow Sea (Moon et al., 2009; Xuan et al., 2011; Liu et al., 2015; Xu et al., 2016; Timmermann et al., 2020; Lee et al., 2021).



3.4 PM2.5 concentration and its impact on nutrients

This section assesses the contribution of the decrease in air pollution on nutrients during the spring of 2020. Previous studies have reported a reduction of fine dust and nitrogen dioxide in metropolitan regions such as Beijing, Shanghai, and Seoul during the COVID-19 lockdown (Figure S3; Fan et al., 2020; Han and Hong, 2020; Timmermann et al., 2020; Lee et al., 2021). Contrary to these studies, the concentration of fine dust estimated by PM2.5 on the S-ORS was 18.0 μg m-3 during March–April 2020, which decreased slightly from 18.6 μg m-3 and 18.8 μg m-3 during the previous years of 2018 and 2019, respectively (Figure 7). This reduction of PM2.5 concentration in 2020 was not significant from the measurements during the 2017–2019 period. This result is also consistent with the long-reanalysis MERRA-2 data that the anomalous aerosol optical depth decreased insignificantly during April 2020 (not shown). In line with the PM2.5 concentration on the S-ORS, major nutrients—nitrate (nitrite and nitrate nitrogen), silicate silicon, and phosphate phosphorus—at a subsurface depth level of 20 m from the 307 repeated line of the Korea Oceanographic Data Center, the northernmost section of the hydrographic sections and the closest one to the S-ORS, showed unremarkable changes during 2017 and 2020 (Figure 7). Overall, we believe that the change in fine dust related to the Chinese lockdown was trivial during spring 2020 and its impact on the concentration of nutrients was also negligible because of the Yellow Sea’s eutrophic status during winter and early spring.




Figure 7 | Time series of the averaged March–April PM2.5 concentrations (bars) from the S-ORS and the mean concentration of major nutrients at a subsurface level of 20 m during February between 2017 and 2020 obtained from the 307 line of the Korea Oceanographic Data Center: nitrate (nitrite and nitrate nitrogen, red line), silicate silicon (orange), and phosphate phosphorus (pink).






4 Conclusions

This study demonstrates that an unprecedented event of the slowest temperature evolution in the last four decades in the northeastern Yellow Sea occurred in spring 2020. The SST evolution between March and May 2020 in the northeastern Yellow Sea was significantly lower than for the 1982–2019 period. This slow temperature evolution occurred via a 117% increased latent heat release from the ocean into the atmosphere in April 2020 compared to the climatology. Strong northwesterly flows caused an increased net oceanic heat loss when an anticyclonic circulation and a cyclonic circulation appeared over Siberia and the East Sea, respectively. Furthermore, the winter-time warm water contributed to this slow evolution as a precondition to facilitating latent heat releases into the air. A mechanical stirring associated with tides might be another heat exchange process as positive oceanic feedback between surface temperature and active entrainment. These processes are schematically summarized in Figure 8. Both the low temperatures and weak stratification during April to May could be unfavorable conditions for phytoplankton growth, albeit under the eutrophic surface layer, thus resulting in the small and delayed spring bloom in 2020.




Figure 8 | Schematic illustrating the slow temperature evolution process during the spring of 2020. The red (blue) shaded area denotes the higher (lower) SST in 2020 than the climatology (2017–2019 from the S-ORS and 1982–2019 from the OISSTv2). The light blue and orange arrows indicate the northwesterly wind and latent heat flux, respectively.



It is noteworthy that two primary contributors to the 2020 spring temperature evolution—wind-induced latent heat anomaly and winter water temperature anomaly—are related to large-scale atmospheric circulation around East Asia (e.g., Yeh and Kim, 2010; Kim et al., 2018b). This implies that the mechanism might be used to understand the basin-scale variability of the Yellow Sea. However, we cannot exclude the possibility that a local factor plays a dominant role in determining temperature evolution around local areas, such as the path of the Yellow Sea Warm Current over the central trough of the Yellow Sea, in which oceanic processes might counteract the effects of atmospheric circulations (Yeh and Kim, 2010; Kim et al., 2018b).

Most Coupled Model Intercomparison Project Phase 6 (CMIP6) experiments project a warmer climate in the future regardless of greenhouse gas emission scenarios (IPCC, 2021). Surface warming in the western North Pacific and its impact on thermocline water (i.e., mode water) could strengthen the stratification of the water column and raise the sea level over the center of the subtropical gyre in the northwestern Pacific. These changes could increase the zonal gradient of the sea level (Sun et al., 2013; Chen et al., 2019; Todd et al., 2019), leading to an intensified Kuroshio Current and a poleward migration of the subtropical Kuroshio gyre system. This change in the current could allow substantial heat advection into the YECS from this western boundary current (see Figure 1D in Chen et al., 2019), particularly during the winter monsoon period (Lie et al., 2009; Lin et al., 2011; Tak et al., 2016; Kim et al., 2018b). The warmer water that forms during winter could, therefore, lead to favorable preconditions for the large-scale release of latent heat. Furthermore, the winter/spring Arctic Oscillation tends to be a negative phase associated with decreased sea ice and higher air temperatures over the North Pole due to global warming; thus, cold polar air frequently reaches middle latitudes (He et al., 2017). This change makes cold surges more persistent than during normal years and causes increased latent heat fluxes from the ocean. In the future, warm winter water and cold surges could frequently lead to slow spring temperature evolutions like the 2020 event. These projected changes in oceanic and atmospheric circulation might damage the marine ecosystem during the spring bloom in the YECS.

An important finding of this study−the record-breaking spring temperature evolution event and its association with the feeble spring bloom in the northeastern Yellow Sea during the spring of 2020−was observed from the S-ORS. If S-ORS data is continuously observed and archived for a long period, the various temporal and multi-disciplinary characteristics within the northeastern Yellow Sea can be investigated in detail. It helps, in turn, to improve extreme weather predictions in the marginal northwestern Pacific Ocean under climate change.
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