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Abstract


Marine heatwaves (MHWs) in the Eastern China Seas exert profound ecological and economic impacts, highlighting the need for reliable indicators to support early prediction. Based on observations from 1982 to 2022, this study identifies three characteristic patterns linking annual maximum sea surface temperature (Tmax) with summer MHWs: in July, the northern region follows a pattern where earlier Tmax favors more frequent MHWs; in August, the whole study area is dominated by a mode where Tmax coincides with the seasonal threshold peak, driving widespread MHWs; and in September, the southern region exhibits a pattern where later Tmax favors more frequent MHWs. A threshold-based method integrating both Tmax and its timing demonstrates strong skill in assessing MHW occurrence and exhibits practical utility when validated with independent observations from 2023 to 2024. Long-term warming of Tmax, together with regionally divergent trends in its seasonal timing, closely aligns with observed increases in MHW days. Significant correlations between Tmax and preceding monthly mean SST suggest that Tmax integrates accumulated thermal conditions and carries seasonal memory, offering a potential pathway from seasonal SST prediction to early MHW risk assessment. These findings clarify the structured and regionally differentiated Tmax–MHW relationship, demonstrate the feasibility of a Tmax-based assessment framework, and provide a scientific basis for improving seasonal monitoring and early warning of MHWs under sustained climate warming.
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1. Introduction


Marine heatwaves (MHWs) refer to phenomena where sea surface temperature (SST) remains at extreme levels over a period of time, defined as SST exceeding a seasonally varying threshold (typically the 90th percentile) for several consecutive days or more [1]. Such extreme temperature events can persist from days to weeks and may have significant and far-reaching impacts on marine ecosystems [2,3]. Consequences of MHWs include coral bleaching, shifts in species distribution, disruption of marine food web structures, and declines in fishery yields [4,5]. Furthermore, MHWs weaken ecosystem resilience, leading to biodiversity loss, which is crucial for the health of coastal ecosystems [6]. Given that the frequency and intensity of MHWs have continued to rise in recent decades [7], analyzing their causes and predicting their future evolution have become key topics in oceanographic and climate research.



The Eastern China Seas, comprising the Bohai Sea, Yellow Sea, and East China Sea (Figure 1), are regions of significant ecological and economic value, characterized by broad continental shelves, rich marine biodiversity, and dynamic hydrological features [8]. Over the past few decades, summer SST in the Eastern China Seas has shown a significant warming trend, with some areas experiencing warming rates exceeding the global average [9,10]. The frequency of MHWs in the Eastern China Seas has continued to increase, particularly during summer, further amplifying the stress of warming on local ecosystems [11,12,13,14]. MHWs in this region have been linked to changes in regional ocean circulation, atmospheric dynamic processes, and the intensification of the Kuroshio [12,15,16]. As MHWs become more frequent and intense, their impacts on marine organisms and fisheries are garnering increasing attention, underscoring the urgent need to deepen understanding of their mechanisms and enhance predictive capabilities for MHWs in the Eastern China Seas.



Research on the driving mechanisms of MHWs in the Eastern China Seas, particularly their relationship with summer SST, has identified several key factors [11,12]. Some studies emphasize the influence of atmospheric pressure systems, such as the intensity and position of the Western Pacific Subtropical High, on sea temperature [15,17,18]. Others focus on regional ocean currents, like the Kuroshio, and their interactions with coastal water masses [12,19]. Additionally, changes in heat fluxes, including longwave and shortwave radiation, and sensible and latent heat fluxes, have also been confirmed to be associated with SST variations and the occurrence of MHWs [20]. However, despite these insights, current research has yet to achieve reliable forecasting of MHWs in the Eastern China Seas. Examining MHWs from new perspectives, such as the annual maximum sea surface temperature (Tmax), may provide an effective approach to improving predictive capabilities.



Tmax refers to the highest SST observed in a year and is often used as an indicator of extreme high-temperature events in the marine environment [21,22]. Tmax in the Eastern China Seas shows a significant warming trend, with the northern regions warming faster than the southern regions, and the rise in Tmax is closely associated with an increased probability of MHW occurrences [22]. The link between Tmax and MHWs is crucial for understanding the driving factors of extreme high-temperature events in the region, as these extreme events often coincide with peaks in Tmax and may have significant impacts on local ecosystems and fisheries.



Both Tmax and MHWs are extreme high-temperature events and are closely related under the context of climate variability [3,21]. Although increasing evidence suggests an association between Tmax and the occurrence of MHWs, a deep understanding of how the intensity and timing of Tmax specifically influence the characteristics of summer MHWs in the Eastern China Seas is still lacking. Existing studies have primarily focused on atmospheric and oceanic driving factors, while the applicability of Tmax as a simple and reliable predictive indicator for MHWs in this region has not yet been systematically evaluated. Addressing this problem, the present study investigates the spatial and temporal relationships between Tmax, Tmax timing, and summer MHWs across the Eastern China Seas, aiming to establish a new perspective that can enhance both scientific understanding and predictive capability for these increasingly frequent extremes.




2. Materials and Methods


2.1. Data


In this study, both MHWs and Tmax are calculated based on the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) dataset provided by the European Copernicus Marine Environment Monitoring Service (CMEMS; http://marine.copernicus.eu, accessed on 7 May 2024). This dataset offers daily-scale, gap-free foundational sea surface temperature and sea ice concentration data with a spatial resolution of 0.05° × 0.05° (approximately 5 km). The OSTIA system integrates multi-source satellite observations, including data from the Advanced Very High Resolution Radiometer (AVHRR), the Spinning Enhanced Visible and Infrared Imager (SEVIRI), the Geostationary Operational Environmental Satellite (GOES) imager, the Infrared Atmospheric Sounding Interferometer (IASI), and the Tropical Rainfall Measuring Mission Microwave Imager (TMI) [23]. It is further supplemented with in situ observations from sources such as ships, drifting buoys, and moored buoys [23]. The OSTIA dataset has been widely used in oceanographic research, and its accuracy in studies of the Eastern China Seas has been validated by multiple sources [24,25]. With its high spatiotemporal resolution and rigorously validated data quality, OSTIA serves as an ideal data source for investigating long-term sea temperature trends and extreme events such as MHWs in the Eastern China Seas.



To examine the dependency of the relationship between summer MHWs and Tmax on the data source, this study further incorporates the Optimum Interpolation Sea Surface Temperature (OISST) dataset released by the National Oceanic and Atmospheric Administration (NOAA) (https://www.ncei.noaa.gov/, accessed on 8 May 2024). This dataset integrates multi-source satellite and in situ observations using an optimal interpolation method to generate a spatially and temporally continuous daily sea surface temperature field, with a spatial resolution of 0.25° × 0.25° (approximately 25 km). OISST demonstrates good stability and consistency in characterizing long-term sea temperature variations, large-scale climate variability, and MHWs [26]. It has been widely applied in studies of China’s coastal seas [27], and its reliability and accuracy have been validated in this region by multiple studies [28,29].



This study divides the research area into southern and northern regions based on the boundary of 31.5° N and conducts zonal analyses accordingly. By comparing the analytical results derived from the two independent SST datasets, OSTIA and OISST, this paper aims to verify that the relationship between summer MHWs and Tmax is consistent across different data sources, thereby enhancing the robustness and reliability of the conclusions.




2.2. Calculation of MHWs and Tmax


This study adopts the definition proposed by Hobday et al. [1] and identifies MHWs at each pixel using daily SST data. An MHW event is defined when the daily SST exceeds the 90th percentile threshold, calculated from a 30-year dataset of daily SSTs. To determine seasonally varying 90th percentile thresholds, daily SSTs are computed within an 11-day window centered on the corresponding date of each year. Subsequently, a 31-day moving average is applied to smooth the 90th percentile thresholds. Any contiguous days with temperatures above the threshold for at least five consecutive days and a break of no more than three days are considered as a single event. This methodology is implemented using the MATLAB R2022b toolbox available at https://github.com/ZijieZhaoMMHW/m_mhw1.0 (accessed on 20 April 2024).



In this study, Tmax for each pixel in the Eastern China Seas was calculated following the methodology outlined by Ding et al. [22]. The daily SST time series for each year was extracted, and a 31-day moving average was applied to smooth the data, effectively reducing short-term fluctuations and highlighting longer-term trends. The maximum value within this smoothed time series was designated as the annual Tmax for that specific year and pixel. The corresponding date of this maximum value was recorded as the Tmax timing. To assess the potential autocorrelation of Tmax and its timing across years, we conducted an analysis and found no significant autocorrelation among the selected pixels. This indicates that the Tmax and its timing in any given year are independent of the values in the previous years.




2.3. Patterns of MHW Occurrence in Relation to Tmax


To investigate the relationship between the Tmax and the occurrence of MHWs in the Eastern China Seas, a conceptual framework based on Tmax magnitude and its timing was developed.



The climatological threshold used to define MHWs follows a clear seasonal cycle and can be approximated by a sine-like curve, with its peak occurring in summer. The maximum value of the threshold curve is denoted as Tthreshold. Similarly, the SST time series in each year also exhibits a seasonal cycle with a peak value corresponding to Tmax. According to the standard MHW definition, an event occurs when SST exceeds the climatological threshold. Therefore, MHW occurrence can be interpreted as the portion of the SST curve that surpasses the threshold curve.



Depending on the relative timing between Tmax and the peak of the threshold curve (Tthreshold), three possible patterns of MHW occurrence can be identified (Figure 2).



Pattern 1: Early Tmax



When Tmax occurs earlier than Tthreshold, the SST maximum may be lower than the peak threshold value. However, because the threshold is lower earlier in the season, SST can still exceed the contemporaneous threshold, leading to an MHW event (Figure 2a).



Pattern 2: Synchronous Tmax



When Tmax coincides with Tthreshold, MHW occurrence depends mainly on the magnitude of Tmax. If Tmax exceeds the threshold at this time, an MHW occurs (Figure 2b).



Pattern 3: Late Tmax



When Tmax occurs later than Tthreshold, the peak SST may still exceed the contemporaneous threshold because the threshold decreases after its seasonal maximum. In this case, delayed warming can also lead to an MHW event (Figure 2c).



Based on these patterns, three criteria are proposed to evaluate the occurrence of MHWs using Tmax and its timing:



Method 1 (early Tmax condition):


Tmax > H2 and Tmax timing < T1











Method 2 (high Tmax condition):


Tmax > H1











Method 3 (late Tmax condition):


Tmax > H3 and Tmax timing > T2








where H1, H2, and H3 represent temperature thresholds corresponding to the three patterns, and T1 and T2 represent timing thresholds separating early and late occurrences of Tmax.



Specifically, H1 is the highest temperature threshold and corresponds to Pattern 2, where Tmax occurs near the seasonal peak of the threshold curve. H2 is the threshold used for early Tmax conditions (Pattern 1), reflecting that SST may exceed the lower seasonal threshold earlier in the year. H3 corresponds to the late Tmax condition (Pattern 3), where the seasonal threshold decreases after its peak.



These criteria establish a relationship between the magnitude and timing of Tmax and the occurrence of MHWs, enabling different MHW scenarios to be identified using simplified indicators.




2.4. Evaluation Metrics for MHWs Assessment Based on Tmax


In this study, the evaluation of MHW occurrence based on Tmax follows a typical binary classification approach, with two possible outcomes: the occurrence or non-occurrence of an MHW. To evaluate the effectiveness of using Tmax for MHW assessment, we employed four commonly used statistical metrics in binary classification models: the Probability of Detection (POD), False Alarm Ratio (FAR), Probability of Correct Result (POCR), and Heidke Skill Score (HSS). These metrics allow us to quantify the accuracy of the MHW assessment. The assessment results are divided into four possible scenarios (as shown in Table 1), from which the statistical metrics are calculated. The calculation formula is as follows:


POD = a/(a + c)










FAR = b/(a + b + c)










POCR = (a + d)/(a + b + c + d)










   HSS =      2 ( ad  −  bc )     ( a + b ) ( b + d ) + ( a + c ) ( c + d )      











In this analysis, higher POD and POCR values, along with lower FAR values, indicate better assessment performance for MHWs. The HSS serves as an overall skill metric, reflecting the accuracy of the forecast relative to random chance [30,31], with a higher HSS value representing superior assessment quality.



By exploring all possible values for H1, H2, T1, and T2 to determine MHW occurrence and comparing the results with actual occurrences, the HSS was calculated. The values of H1, H2, T1, and T2 that maximized the HSS were selected as the final thresholds, and the corresponding POD, FAR, and POCR were also calculated.





3. Results


3.1. Relationship Between Monthly MHW Days and Tmax


From a monthly perspective, the relationship between MHW days and Tmax exhibits a clear seasonal evolution. The correlation is weak in June, indicating a limited influence of Tmax during early summer (Figure 3a,b). It strengthens markedly in July and reaches a maximum in August across most of the study area (Figure 3c–f). In September, the correlation weakens slightly but remains significant in large portions of the southern region (Figure 3g,h). These results suggest that August represents the peak period during which Tmax exerts the strongest control on MHWs days.



In contrast, the influence of Tmax timing shows a different seasonal behavior. No significant relationship is observed in June (Figure 4a,b). In July, a significant negative correlation dominates the northern region, indicating that an earlier Tmax is associated with more MHW days (Figure 4c,d). This relationship weakens in August (Figure 4e,f) but re-emerges in September as a significant positive correlation in the southern region, suggesting that a later Tmax corresponds to increased MHW days (Figure 4g,h). This indicates that Tmax timing plays a secondary but seasonally and regionally dependent role, with its strongest influence occurring in July (north) and September (south).



Regionally, distinct differences are evident between the northern and southern parts of the study area. In the southern region, the positive relationship between MHW days and Tmax is already well-established in July and remains strong in August, before weakening in September. In contrast, the northern region shows its strongest correlation in August, with weaker relationships in July and September. These results indicate that July exhibits a stronger regional contrast, whereas August represents a spatially coherent response across the entire study area.




3.2. Spatial Differences in the Relationship Between MHW Days and Tmax


To better quantify the regional contrasts suggested in Figure 3 and Figure 4, the study area is divided into southern and northern regions (Figure 1), and regional mean relationships are further examined (Figure 5).



Consistent with the spatial patterns, both regions exhibit significant positive correlations between MHW days and Tmax from July to September. However, their seasonal evolution differs. In the southern region, the correlation is strong in July and August but weakens notably in September (Figure 5a,b). In contrast, the northern region shows a pronounced peak in August, with weaker relationships in July and September (Figure 5c,d). This confirms that Tmax exerts a dominant and spatially coherent control in August, while July is characterized by stronger regional dependence.



The role of Tmax timing is more region-specific. In the southern region, a significant positive correlation is only observed in September (Figure 5e,f), indicating that delayed Tmax enhances MHW occurrence. In the northern region, significant negative correlations appear in July and August, particularly in July (Figure 5g,h), suggesting that earlier Tmax favors increased MHW days. These results highlight that Tmax timing modulates MHW occurrence in a regionally asymmetric manner, with opposite effects in the north and south.



Overall, while Tmax primarily controls the intensity of MHW occurrence, Tmax timing introduces an additional layer of regional and seasonal modulation. The consistency between OSTIA- and OISST-based results further supports the robustness of these relationships.





4. Discussion


4.1. Patterns of MHWs Related to Tmax in the Eastern China Seas


Against the backdrop of global warming, the summer SST warming rate in the Eastern China Seas exceeds the global average [9,10,32,33]. This accelerated warming has led to an increased frequency of summer MHWs [12], as well as elevated Tmax values [22,24]—both of which are summer extreme temperature events. Since both MHWs and Tmax are directly influenced by rising temperatures, it is reasonable to anticipate a significant correlation between them.



The results of this study confirm that MHW days from July to September exhibit a strong correlation with Tmax. However, this correlation displays notable spatiotemporal variability. In the southern region, the correlation between MHWs and Tmax is most pronounced in July and August (Figure 3c–f and Figure 5a,b), while in September, MHW days show a significant positive correlation with Tmax timing (Figure 4g,h and Figure 5e,f). In the northern region, the correlation between MHW days and Tmax is strongest in August (Figure 3e,f and Figure 5c,d), whereas in July, MHW days exhibit a significant negative correlation with Tmax timing (Figure 4c,d and Figure 5g,h). These differences suggest that local oceanic environmental conditions and atmospheric dynamics may modulate the relationship between MHWs and Tmax.



Tmax in the study area predominantly occurs in August, accounting for 73.85% of occurrences (70.89% based on OISST data), far exceeding those in other months (Table 2). This pronounced peak indicates a strong temporal alignment between August MHW events and Tmax, implying that Pattern 2 (Tmax coincides with Tthreshold) is most applicable for explaining MHWs in August. According to Pattern 2, when the Tmax timing coincides with the peak of the MHW threshold and exceeds that threshold, the MHW definition is satisfied. Figure 3, Figure 4 and Figure 5 demonstrate that MHW days in August show the strongest correlation with Tmax, yet exhibit virtually no correlation with Tmax timing, further supporting this hypothesis. Driven by global warming, elevated Tmax surpasses Tthreshold, directly triggering MHWs—particularly in August.



In the northern region, MHWs days in July show a significant negative correlation with Tmax timing (Figure 4c,d); that is, the earlier the Tmax occurs, the more MHW days are observed. This relationship is consistent with Pattern 1 (Tmax occurs earlier than Tthreshold), suggesting that the early occurrence of Tmax may be a key factor driving July MHWs in the northern region. Conversely, in the southern region, MHW days in September exhibit a significant positive correlation with Tmax timing (Figure 4g,h), meaning that the later the Tmax occurs, the more MHW days occur. This aligns with Pattern 3 (Tmax occurs later than Tthreshold).



In summary, the three patterns exhibit relatively clear correspondences across different months and subregions: Pattern 2 dominates in August, characterized by a strong alignment between the magnitude of Tmax and MHWs days. In the northern region during July, Pattern 1 is more applicable, where the early occurrence of Tmax is linked to intensified MHWs. In the southern region during September, Pattern 3 is more relevant, reflected in the correspondence between delayed Tmax timing and increased MHWs days. These regional and monthly differences indicate that the relationship between Tmax and MHWs is not a simple linear correspondence but rather exhibits structured characteristics that vary by phase and region.



Importantly, these structured relationships between Tmax, its timing, and MHW occurrence suggest that Tmax is not only a diagnostic indicator but also a potential predictive precursor. The distinct monthly and regional patterns imply that the predictability of MHWs may depend on both the magnitude and timing of Tmax, providing a basis for developing month-specific prediction strategies.




4.2. Assessment of MHWs Based on Tmax in the Eastern China Seas


The strong and structured relationships identified between Tmax and MHWs suggest that Tmax can serve as a practical predictor for MHW occurrence, particularly on a monthly timescale. Unlike traditional MHW definitions based on continuous SST exceedance, Tmax provides a simplified yet physically meaningful indicator that integrates seasonal thermal conditions.



However, the predictive capability of Tmax is not uniform across months and regions. In August, where Tmax dominates MHW variability, prediction based solely on Tmax magnitude is highly effective. In contrast, in July and September, the timing of Tmax becomes equally important, indicating that reliable prediction requires a combination of Tmax magnitude and timing information. The assessment methods for MHW occurrence from July to September are as follows:



August: An MHW is determined to occur when Tmax exceeds the August-specific H1 threshold.



July: An MHW is determined to occur when either (i) Tmax exceeds the July-specific H1 threshold, or (ii) Tmax exceeds H2 and Tmax timing is earlier than T1.



September: An MHW is determined to occur when either (i) Tmax exceeds the September-specific H1 threshold, or (ii) Tmax exceeds H3 and Tmax timing is later than T2.



Based on MHW and Tmax data from 1982 to 2022, this study employed Tmax and its timing to assess and predict MHW occurrence in the Eastern China Seas from July to September. The results are presented in Table 3. MHW events are more likely to occur when Tmax timing advances to before 28 July in the southern region and before 8 August in the northern region, or when it delays to after August 21 in the southern region and after 18 August in the northern region. In terms of performance evaluation metrics (Table 3), HSS exceeds 0.8 for both July and August, outperforming September and indicating that the proposed method is more effective for MHW assessment in July and August. The slightly lower HSS in September is primarily attributable to a moderately lower POD and a higher FAR, implying a greater likelihood of missed detections and false alarms. Except for a POCR of 0.85 in the northern region during September, POCR values exceed 90% for all other months and regions.



To validate the general applicability of this assessment approach, the thresholds for Tmax and Tmax timing, determined based on data from 1982 to 2022, were applied to evaluate summer MHW occurrence in 2023 and 2024. The results are presented in Figure 6 and Figure 7. In both 2023 and 2024, the assessment performed best in August, achieving a POD of 99%, indicating that the method successfully identified approximately 99% of August MHW events (Figure 7). In 2023, the POD for July and September reached 85% and 68%, respectively, with even higher values observed in 2024. Additionally, the POCR exceeded 68% for all months. These results demonstrate that the Tmax-based assessment method can be effectively extended to independent data (from 2023 and 2024), confirming its feasibility and practical application value for evaluating MHW occurrence in the Eastern China Seas.



However, the assessment results for August 2023 revealed a clear overestimation of MHW occurrence (Figure 6), particularly in the southern region. This overestimation was even more pronounced for the July MHW assessment, as corroborated by the relatively high FAR (Figure 7). Although the HSS values for July and September 2023 were similar, July exhibited a higher POD (i.e., more MHW events were correctly identified), but this came at the cost of a greater number of false alarms (Figure 7).



In 2024, the spatial extent of summer MHWs was substantially larger than in 2023, expanding to nearly the entire study area (Figure 6d). Under these conditions, the threshold-based assessment method may have introduced a certain degree of overestimation, and its bias characteristics were more difficult to clearly discern. Despite achieving an extremely high POD, the HSS remained relatively low.



These phenomena highlight the limitations of relying solely on Tmax to assess MHW occurrence. To obtain more accurate assessment results, it may be necessary to incorporate additional influencing factors, such as ocean circulation patterns, upwelling events, heat fluxes, and atmospheric conditions—all of which play a role in shaping MHW development [12,34,35].




4.3. Correspondence Between Tmax and MHW Variation Trends


This study further analyzes the long-term trends of Tmax and its timing in the southern and northern regions of the Eastern China Seas from 1982 to 2024 and explores their correspondence with changes in MHW days. The results indicate that Tmax exhibits a significant warming trend in both regions, with a notably higher warming rate in the northern region compared to the southern region (Table 4). The trend in Tmax timing shows pronounced regional differences: Tmax timing has significantly delayed in the southern region, whereas it has advanced in the northern region (Table 4).



These trends in Tmax warming and shifts in its timing partly explain the regional patterns of changes in MHW days. Specifically, MHW days in August increased significantly in both the southern and northern regions (Table 5). This aligns with Pattern 2, which is characterized by the highest proportion of Tmax occurring in August and its strong consistency with MHWs, suggesting that the rise in August Tmax directly contributes to the increased frequency of MHWs. In July, the rate of increase in MHW days was higher in the northern region than in the southern region (Table 5). This corresponds to the advancing trend of Tmax timing in the north, supporting the conclusion from Pattern 1 that an earlier Tmax may exacerbate MHWs. In contrast, in September, the rate of increase in MHW days is substantially higher in the southern region than in the northern region (Table 5). This is consistent with the delaying trend of Tmax timing in the south, reflecting the enhancing effect of delayed Tmax on MHW occurrence as described in Pattern 3.



Based on the analytical results of this study, future research on MHW risks in the Eastern China Seas should fully account for monthly and regional variabilities. The results indicate that the response patterns of MHWs to Tmax and its timing differ significantly across months and regions: MHW sensitivity is highest in the northern region in July, across the entire study area in August, and in the southern region in September. Therefore, when assessing and predicting MHW risks in the future, it is essential to establish differentiated indicator systems tailored to specific months and regions. By integrating Tmax warming trends, shifts in Tmax timing, and local oceanic dynamic and atmospheric conditions, more refined quantitative risk analyses can be conducted, thereby enhancing early warning capabilities for extreme sea temperature events and the scientific basis for regional adaptation strategies.



The results shown in Table 6 indicate that Tmax is closely linked to SST variability in preceding months. A large proportion of grid points exhibit significant correlations between Tmax and monthly mean SST from April to June, and more than half of the grid points show significant correlations with SST in November and December of the previous year as well as January of the current year. This suggests that Tmax integrates accumulated thermal conditions over multiple months and may reflect a certain degree of persistence in the ocean system; however, the underlying mechanism remains unclear and requires further investigation.



The relationships identified in this study also provide a clear framework for developing data-driven prediction models. Specifically, Tmax and its timing can be treated as key predictors, while MHW occurrence or MHW days can serve as target variables. In addition, the demonstrated linkage between Tmax and antecedent monthly SST suggests that predictors can be extended to include SST conditions from previous months, which may help improve forecast skill and extend lead time, although further validation is needed.



Machine learning methods are particularly suitable for capturing the nonlinear interactions among these variables [36,37,38]. By integrating Tmax, its timing, and antecedent SST anomalies, such models may significantly improve both the accuracy and lead time of MHW predictions. Therefore, the results of this study not only enhance the physical understanding of MHW drivers but also provide a practical basis for future predictive modeling efforts.





5. Conclusions


This study reveals clear monthly and regional structures in the relationship between summer MHWs days and Tmax in the Eastern China Seas. From July to September, MHW days are significantly positively correlated with Tmax, with the strongest and most spatially coherent relationship occurring in August. In contrast, the influence of Tmax timing exhibits pronounced regional differences: in the northern region, an earlier Tmax in July is associated with increased MHW days, whereas in the southern region, a delayed Tmax in September corresponds to enhanced MHW days. These features are consistent across independent datasets (OSTIA and OISST), confirming the robustness of the identified relationships.



A structured three-pattern framework effectively explains the phase-dependent Tmax–MHW linkage. August MHWs are primarily controlled by Tmax magnitude, while July MHWs in the northern region and September MHWs in the southern region are closely related to shifts in Tmax timing. Based on these characteristics, a threshold-based method integrating Tmax intensity and timing demonstrates strong skill in assessing MHW occurrence, particularly in July and August, and shows practical applicability when validated with independent data from 2023 and 2024. Nevertheless, reliance on Tmax alone may lead to overestimation under extreme conditions, indicating that additional environmental drivers should be incorporated.



Long-term warming of Tmax, together with regionally contrasting shifts in its timing, corresponds closely to observed trends in MHW days, suggesting that both magnitude and phase changes of Tmax contribute to evolving MHW risks. Significant correlations between Tmax and preceding monthly mean SST further indicate that Tmax integrates accumulated thermal conditions and carries seasonal memory, providing a potential pathway from seasonal SST prediction to earlier MHW risk assessment.



Overall, the results clarify the structured and regionally differentiated relationship between Tmax and summer MHWs, demonstrate the feasibility of a Tmax-based assessment framework, and provide a scientific basis for improving seasonal monitoring and early warning of MHWs under continued climate warming.
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Figure 1. Map and bathymetry (a), and summer average SST (b) from 1982–2024 in the Eastern China Seas. The black dashed line indicates 31.5° N used to separate the northern and southern regions. 
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Figure 2. Schematic diagram of patterns of MHW occurrence related to Tmax. The black solid line represents the climatological SST curve, the green dashed line represents the threshold curve used for MHWs calculation, the red solid line represents the SST time series, the black dashed line indicates Tmax timing, and the pink shaded area represents the duration of MHWs. Panels (a–c) show three different cases: (a) Tmax occurs earlier than Tthreshold; (b) Tmax coincides with Tthreshold; (c) Tmax occurs later than Tthreshold. 
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Figure 3. Pearson correlation coefficients (r) between the MHW days and Tmax for June (a,b), July (c,d), August (e,f), and September (g,h) during 1982–2022. The left panels (a,c,e,g) are based on the OSTIA dataset, and the right panels (b,d,f,h) are based on the OISST dataset. Statistically insignificant correlations (p > 0.05) are masked out (shown in blank), while the displayed regions indicate correlations that are significant at the 95% confidence level. 
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Figure 4. Pearson correlation coefficients between the MHW days and Tmax timing for June (a,b), July (c,d), August (e,f), and September (g,h) during 1982–2022. The left panels (a,c,e,g) are based on the OSTIA dataset, and the right panels (b,d,f,h) are based on the OISST dataset. Statistically insignificant correlations (p > 0.05) are masked out (shown in blank), while the displayed regions indicate correlations that are significant at the 95% confidence level. 
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Figure 5. Relationships between regional mean MHW days (July–September) and (a–d) Tmax as well as (e–h) Tmax timing in the southern (a,b,e,f) and northern (c,d,g,h) regions. Panels (a,c,e,g) are derived from the OSTIA dataset, while panels (b,d,f,h) are based on the OISST dataset. Blue open circles, green filled circles, and red filled circles denote July, August, and September, respectively. Each month contains 41 data points (1982–2022). Dashed lines in the corresponding colors indicate the linear regression fits, highlighting statistically significant correlations. 
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Figure 6. Spatial distribution of MHWs in August 2023 (a,b) and August 2024 (c,d). Panels (a,c) show the MHW assessment based on the Tmax and Tmax timing threshold, while panels (b,d) depict the corresponding MHW distributions for each year. Orange shaded areas indicate regions where MHWs occurred during the month. 
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Figure 7. Summer MHW assessment results for 2023 (a) and 2024 (b) based on the threshold method. 
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Table 1. Contingency table of binary MHWs assessment. True Positive (TP): assessed as positive and observed positive; False Positive (FP): assessed as positive but observed negative; True Negative (TN): assessed as negative and observed negative; False Negative (FN): assessed as negative but observed positive.
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Case Type

	
Observed Result




	
MHW

	
Normal






	
Assessment result

	
MHW

	
a (Correct hits)

	
b (False positive)




	
Normal

	
c (False negative)

	
d (Correct negative)











 





Table 2. Proportion of Tmax occurrence in different months.
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Data Source

	
Month

	
<July

	
July

	
August

	
September

	
>September






	
OSTIA

	
Proportion

	
0.55%

	
18.10%

	
73.85%

	
7.44%

	
0.05%




	
OISST

	
0.85%

	
19.49%

	
70.89%

	
8.67%

	
0.09%











 





Table 3. Average H1, H2, T1, and T2 for the southern and northern regions, along with the corresponding HSS, POD, FAR, and POCR.
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Month

	
Area

	
H1

	
H2

	
T1

	
T2

	
HSS

	
POD

	
FAR

	
POCR






	
July

	
South

	
29.66

	
28.87

	
07/28

	
/

	
0.81

	
0.86

	
0.13

	
0.93




	
North

	
27.40

	
25.51

	
08/08

	
/

	
0.83

	
0.84

	
0.10

	
0.94




	
August

	
South

	
29.48

	
/

	
/

	
/

	
0.84

	
0.88

	
0.11

	
0.94




	
North

	
26.75

	
/

	
/

	
/

	
0.83

	
0.87

	
0.10

	
0.93




	
September

	
South

	
29.86

	
28.69

	
/

	
08/21

	
0.76

	
0.81

	
0.17

	
0.91




	
North

	
27.49

	
25.46

	
/

	
08/18

	
0.63

	
0.68

	
0.26

	
0.85











 





Table 4. Interannual variability trends of Tmax and Tmax timing in the south and north (1982–2024).
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Parameter

	
Tmax (°C Decade−1)

	
Tmax Timing (Days Decade−1)






	
Area

	
South

	
North

	
South

	
North




	
Trend

	
0.24 **

	
0.45 **

	
2.95 **

	
−0.93








Note: ** means p < 0.01.













 





Table 5. Interannual variability trends of MHWs days in July, August, and September in the south and north (1982–2024).
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	Month
	South (Days Decade−1)
	North (Days Decade−1)





	July
	0.63
	0.80 **



	August
	1.32 **
	1.13 **



	September
	1.02 **
	0.35 *







Notes: * means p < 0.05, ** means p < 0.01.













 





Table 6. Proportion of grid points exhibiting a statistically significant correlation (p < 0.05) between Tmax and monthly mean SST during 1982–2024 over the entire study area.
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	Month
	Oct.
	Nov.
	Dec.
	Jan.
	Feb.
	Mar.
	Apr.
	May
	Jun.





	Proportion
	36.5%
	61.5%
	59.8%
	50.1%
	35.7%
	21.2%
	55.1%
	65.9%
	92.6%
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