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By analyzing the European Centre for Medium-Range Weather Forecasts reanalysis version 5 (ERA5) dataset, we found increased frequency of marine heatwaves (MHWs) in East Asian marginal seas (EAMS) during the boreal summer (June-July-August) in the recent past. To examine which processes are responsible for the upward trend of MHW occurrence, we performed three numerical simulations using Modular Ocean Model version 5 (MOM5) forced by ERA5 dataset. The first experiment used historical atmospheric variables to force the MOM5 for 1982 to 2020, which reasonably simulated the upward trend of MHWs as well as its dominant variability in terms of temporal and spatial structure in EAMS. The second (third) experiment is the same as in the first except that the atmosphere variables used to force the MOM5 consisted of thermodynamic (dynamic) variables only. The upward trend of MHW occurrence in EAMS is simulated in the first and the second experiment only. We argue that the atmosphere thermodynamic processes, in particular, the shortwave radiative forcing, play a key role in inducing the upward trend of MHW occurrence in EAMS during the boreal summer compared to the ocean dynamic processes.
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Introduction

Marine heatwaves (MHWs) refer to a phenomenon in which sea surface temperature (SST) rises rapidly in a short period of time and persists from several days to several months (Hobday et al., 2016). MHWs devastate the marine ecosystem and disturb the supply of nutrients, reducing the biomass of marine organisms (McWilliams et al., 2005; Wernberg et al., 2013; Frolicher and Laufkotter, 2018). Concurrently, they can result in huge economic loss in the fishing industry and secondary damage to the marginal seas. Like the increase in occurrence of extreme climate events, it is expected that the occurrence of MHWs will continue to increase with climate warming (Meehl et al., 2000) due mainly to increase in mean SST (Li et al., 2019).

The occurrence of MHWs also has been observed at the regional scale, including in the North Pacific. In particular, the East Asia Marginal Seas (EAMS), including the East China Sea, South China Sea, and Yellow Sea, experience more rapid mean sea surface temperature (SST) warming than that in any other ocean region (Belkin, 2009; Oliver et al., 2018; Kim et al., 2018; Li et al., 2019). It has been reported that the MHWs that occurred near the Yellow Sea and East China Sea between 2016 and 2018 were due mainly to increase in shortwave radiation and warm water ocean advection along with reduced wind speeds in the surface layer (Gao et al., 2020). Using empirical orthogonal function (EOF) analysis, on the other hand, Lee et al. (2020) presented two main modes for explaining the variability in MHW occurrence in EAMS and argued that they are associated with El Niño and Southern Oscillation (ENSO) and the associated atmospheric teleconnections from the tropics to East Asia.

Despite a wealth of studies on individual MHW events in EAMS, few have examined the relative roles of atmosphere thermodynamic and ocean dynamic processes on the upward trend in MHW occurrence in EAMS. Identification of the processes that plays a key role in increasing the occurrence of MHWs in EAMS would help to predict them correctly in the present climate and to discern possible occurrence patterns in future climates. The purpose of this study is to understand the roles of atmosphere thermodynamic and ocean dynamic processes in the increase of MHWs occurrence in EAMS based on an ocean general circulation model (OGCM) experiment. We focused on the occurrence of MHWs during boreal summer (June-July-August, hereafter, JJA) because there is a high potential of severe impacts due to thermal tolerances exceeding those of other seasons. It is known that the MHW events during JJA have led to sometimes devastating impacts on sea life including the mortality of sea animals, critically reduced ocean primary productivity, and changes in biological species (Kintisch, 2015; Cavole et al., 2016). Unless stated otherwise in the text, the results are for the JJA season only.

The rest of the paper is organized as follows. Section 2 presents model experiments using an OGCM forced by an atmospheric dataset. Section 3 provides the main results based on the model experiments as well as the reanalysis datasets to examine the roles of atmosphere thermodynamic and ocean dynamic processes. A final summary is given in section 4.



Data Sets and Methods


Reanalysis Data

We used daily SST data obtained from the European Centre for Medium-Range Weather Forecasts reanalysis version 5 (ERA5) with a 1° × 1° horizontal fine resolution for the period of 1982 to 2020 (Hersbach et al., 2020). The SST dataset in ERA5 is originally taken from the Operational Sea Surface Temperature and Ice Analysis (OSTIA) (Minnett et al., 2001). Additional data, including surface net shortwave flux, longwave flux, latent heat, sensible heat, zonal and meridional winds at a height of 10 m, geopotential height at 850 hPa and outgoing longwave radiation(OLR), were sourced and analyzed from the ERA5 datasets. The data were compared with the results simulated by the OGCM. We also used data on potential temperature; mixed layer depth; and zonal, meridional, and vertical currents obtained from the NCEP Global Ocean Data Assimilation System (GODAS) to analyze the heat budget.



Model Experiment

We used the Modular Ocean Model version 5 (MOM5) with a 2-hour integration time step (Griffies et al., 2009; Adcroft et al., 2019). The MOM5 is a numerical model of hydrostatic primitive equations with 1°Cx1°C high resolution which can resolve the ocean boundary currents and shelf processes well in some regions. It has 360 longitudinal grid cells that are evenly distributed, 200 latitudinal grid cells with enhanced resolution in the tropics (1/3° equatorward of 30° N/S), and 50 vertical levels at 10m intervals in the upper 22 levels. The MOM5 involves a freshwater flux exchange between the ocean and the atmosphere (Zhang and Shu, 2010), and the vertical mixing, penetration of shortwave radiation into the ocean, etc. are parameterized (Griffies et al., 2005). Insolation varied from day to day, and wind pressure at the ocean surface was calculated using the wind speed relative to that of the current flowing over the surface. An efficient time-stepped system was adopted (Griffies et al., 2005). The MOM5 sea ice simulator is a dynamic ice model consisting of three vertical layers and five ice thickness categories.

To obtain the atmospheric variables to force the MOM5, we used the ERA5 dataset for 1982 to 2020. The atmospheric variables with their time intervals are displayed in Table 1. The ERA5 atmospheric datasets were fitted to a horizontal resolution of 1.875° × 1.875° to force the MOM5. We conducted three experiments, Exp_CTL, Exp_THER, and Exp_DYN (see Table 2). Exp_CTL is a control experiment in which all atmospheric variables to force the MOM5 were historical from 1982 to 2020. Exp_THER is the same as Exp_CTL except using climatological (1982-2020) mean dynamic variables of zonal wind at 10 m, meridional wind at 10 m, and sea level pressure (SLP) to force the MOM5. Exp_DYN is the same as Exp_CTL except using climatological mean thermodynamic variables of air temperature at 2 m, precipitation, downward radiation (shortwave and longwave), and specific humidity to force the MOM5


Table 1 | Time scales of atmospheric forcing variables used in the three experiments.




Table 2 | Time and unit format of the atmospheric forcing variables file entered into the MOM5 model as input.





Definition of Marine Heatwaves

MHWs were defined based on the methodology of Hobday et al. (2016) and were identified by daily SSTs that exceeded the 90th percentile threshold above a daily varying climatology (1982-2020) for at least five consecutive days. In addition, if there is a time interval of 2 days or less between one event and the next, they are grouped as one event, rather than as separate event. We defined MHW days as the total number of occurrences of MHWs during JJA in each year. The same definition of MHWs was applied to the daily SST simulated from the OGCM experiments of Exp_CTL, Exp_THER, and Exp_DYN. That is, we used the same SST climatology for the three different experiments to define MHWs to directly compare with the simulated MHWs in each experiment. It should be noted that the main result does not change when we use its own SST climatology in each experiment. The 90th percentile threshold above a daily varying climatology obtained from Exp_CTL was applied to both Exp_THER and Exp_DYN to define the MHWs in these experiments.



Heat Budget Analysis

To explore the role of thermodynamic and ocean dynamic processes on the occurrence of MHWs simulated in MOM5, we conducted heat budget analysis using the following SST budget equation (Kang et al., 2001):

	

where ρ (1,024 kg/m3) is ocean density, Cp (= 4,200 J/kg oC) is specific heat capacity at constant pressure, and D represents the mixed layer depth simulated at each grid point. The mixed layer depth is defined according to the density criterion in the MOM5 model, in which the potential density difference relative to that of the surface was less than 0.03 kg/m3. The SST in the above equation is defined as the average ocean temperature from the surface to the mixed layer depth, and the residual term is obtained by subtracting the sum of surface net heat flux and the advection terms including the entrainment term from the SST change term. The residual term mentioned here refers to a component that could not be captured during heat budget analysis, i.e., an ocean-mixing term (Jo et al., 2019). This term encompasses physical quantities, such as diffusion or eddy-driven transport, and includes heat exchange by sub–grid-scale advection (Karsten et al., 2002; Foltz et al., 2003; Marshall and Beninati, 2003; Cook et al., 2018).




Results


MHWs in EAMS in the ERA5 Datasets

Figure 1A displays the time series of MHW occurrence frequency (hereafter, occurrence) averaged in EAMS (115°~135°E and 25°~45°N) for 1982 to 2020 in the ERA5 datasets. The most striking feature is that the occurrence of MHWs is increasing in EAMS as time progresses, and its linear trend is 0.013/year, which is statistically significant at the 95% confidence level. The year when the occurrence of MHWs was the highest and its duration was the longest was 2017, consistent with the results of previous studies (Gao et al., 2020; Lee et al., 2020). Recent studies suggested that a running climatology or detrended timeseries are better than a static one to separate the effect of global warming with the increase of MHW occurrences (Frolicher et al., 2018). Figure 1B is the same as Figure 1A after removing the climatological (1982–2020) mean and the linear trend. Without a linear trend, the occurrence of MHWs is characterized by its variability on interannual-to-decadal timescales. Indeed, the most dominant period in the occurrence time series is about 3.25 year based on the spectral analysis (Figure 1C), implying that the interannual variability of MHW frequency in EAMS is more prominent than decadal timescales. In spite of that, one may find that the occurrence of MHWs was suppressed from the early 2000s to the early 2010s, which is in contrast to the increasing period from the mid-1990s to the 2000s (Figure 1B). This result implies that the natural internal variability on the low-frequency timescales may influence the occurrence of MHW in EAMS.




Figure 1 | (A) The total frequency time series of summer MHWs area-average in EAMS (115~135° E, 25~45°) with ERA5 reanalysis data from 1982 to 2020. The dotted line indicates a linear trend. (B) The total frequency time series as seen in (A) but with the linear trend removed. (C) Results of power spectrum analysis obtained from the total frequency of MHWs in EAMS during summer. The dotted lines above shown in the spectrum analysis figure indicate significant values at the 95% and 5% confidence level, respectively.



To further examine the characteristics of the dominant variability of MHW occurrence in EAMS, we conduct an EOF analysis and display the spatial pattern of the first EOF (hereafter, EOF1) of MHW occurrence and its principal component (PC) time series in Figures 2A, B. The MHW occurrence retains a linear trend to understand its long term change in EAMS. Notably, the spatial structure of EOF1 is characterized by occurrence of MHW at a basin scale in EAMS, and its maximum variance is observed in the southern part of EAMS, including the East China Sea. Note that the EOF1 is statistically significantly separated from the EOF2 of MHW occurrence following the rule of thumb (North et al., 1982) (figure not shown). The EOF1 PC time series is characterized by a significant upward trend (Figure 2B), which largely explains the main characteristics of the total occurrence of MHWs in EAMS (Figure 1A). Simultaneous correlation coefficients between the total occurrence of MHWs and the EOF1 PC were significantly high at 0.97 and 0.95 with and without a linear trend, respectively, which is statistically significant at the 99% confidence level. Hereafter, we focus on understanding the characteristics associated with the EOF1 of MHW occurrence in EAMS.




Figure 2 | (A) EOF1 spatial pattern of the total frequency of summer MHWs in EAMS, analyzed with ERA5 reanalysis data from 1982 to 2020. (B) The EOF1 PC time series as seen in (A). The unit is loaded in the PC time series, not in spatial mode. (C) The bar plot of an area-averaged mixed layer heat budget regressed with EOF1 PC time series. Regression with PC indicates the contribution of each term to the change that occurs when the number of occurrences changes.



We conducted heat budget analysis using ERA5 and GODAS datasets. Figure 2C displays the regressed heat budget terms averaged in EAMS against the EOF1 PC time series. The SST tendency associated with the EOF1 of MHW occurrence is explained largely by heat flux forcing. In particular, net shortwave radiative forcing plays a key role in increasing the SST tendency, in contrast to the role of three other radiant heat flux forcings including longwave flux, latent heat flux and sensible heat flux. In addition, ocean advection processes and residual processes play a minor role to act a positive SST tendency associated with the EOF1 of the MHW occurrence. This result implies that the increased frequency of MHW in EAMS in the recent past is linked closely to the increase of thermodynamic processes related to heat flux forcing.

Figures 3A, B display the regressed SST anomalies and geopotential height anomalies with a horizontal wind at a low level (850 hPa) against the EOF1 PC time series of MHW occurrence, respectively. The occurrence of basin-scale MHWs in EAMS is associated closely with a high SST in the same place (Figure 3A), indicating that the increase in mean SST may trigger more frequent MHWs in EAMS, as suggested by a previous study (Li et al., 2019). In addition, a La Niña–like SST structure appears with an increase in basin-scale MHW occurrence in EAMS, which is also consistent with the results of a previous study (Lee et al., 2020). Lee et al. (2020) showed that an El Niño-like SST structure in previous winter (January-February-March) changed into a La Niña-like SST structure in the following summer (Figure 3 in Lee et al. (2020)), subsequently, such SST conditions may provide a favorable background condition for initiating MHW occurrence in EAMS through atmospheric teleconnections. Indeed, Figure 3B indicates that frequent occurrence of MHWs in EAMS are associated with a wave-train atmospheric teleconnection originating from the western tropical Pacific to the central North Pacific across EAMS, which is similar to the Pacific-Japan (PJ) pattern (Kosaka and Nakamura, 2006). The PJ pattern, which is induced by enhanced deep convection in the western Pacific warm pool and Maritime Continent (Nitta Tsuyoshi, 1987), acts to advect warm air with an increase in downward shortwave radiation due to anticyclone circulation anomalies around EAMS. Increased convective activity was observed in the warm pool around the Maritime Continent with the northern Indian Ocean (Figure 3C), which might induce the PJ-like atmospheric waves from the western tropical Pacific into East Asia, resulting in increased occurrence of basin-scale MHW in EAMS.




Figure 3 | (A) SST map (50° E~60° W, 20° S~50° N) of regression with East Asian summer MHW EOF1 PC time series. Data used are from ERA5. (B) 850 hPa geopotential heights and wind map regression as seen in (A). The yellow dotted line on the map indicates the wave-train. The length of the black arrow on the map represents the wind speed. (C) Outgoing longwave radiation (OLR) map regression as seen in (A, B). In the case of OLR, the blue color denotes the enhanced convection. The dots on the map shown in (A, C) indicate significance at the 95% confidence level.





Model Experiments

In this subsection, we analyzed the occurrence of MHWs simulated in Exp_CTL, Exp_THER, and Exp_DYN to examine the roles of atmosphere thermodynamic and ocean dynamic processes on the occurrence of MHWs in EAMS.

It is necessary to validate how Exp_CTL reasonably simulates the mean SST and its variability in the North Pacific including EAMS compared to the ERA5 dataset. Figures 4A, B show the climatological (1982-2020) mean SST in ERA5 dataset and that simulated in Exp_CTL, respectively, and Figure 4C displays their differences (Exp_CTL minus ERA5). While the main structure of climatological mean SST is similar in the North Pacific in both ERA5 dataset and Exp_CTL (Figures 4A, B), Exp_CTL has cold bias in Yellow Sea and slightly warm bias in East China sea as well as East/Japan sea. This might be due to either a coarse resolution of Exp_CTL compared to ERA5 dataset or Exp_CTL may not adequately simulate the intensity and path of Kuroshio currents originated from the western tropical Pacific like other OGCMs (Kagimoto and Yamagata, 1997). Figures 4D–F are the same as in Figures 4A–C except the SST variance. Exp_CTL tends to simulate the suppressed SST variance in the entire North Pacific basin including EAMS compared to ERA5 dataset (Figure 4F). In spite of this, Exp_CTL reasonably simulates the main structure of SST variance elongated from the western to the eastern North Pacific (Figures 4D, E).




Figure 4 | (A) The map of ERA5 SST climatology from 1982 to 2020 for the Pacific region (20° ~ 60° N, 120° E ~ 120° W) in summer, (B) MOM5 Exp_CTL, (C) Figure showing difference of SST climatology (Exp_CTL minus ERA5). (D) Variance of SST calculated through ERA5 SST anomaly, (E) MOM5 Exp_CTL, (F) difference of SST Variance.



Figures 5A, B show the linear trend of SST in the North Pacific during the entire analyzed period in the ERA5 dataset and Exp_CTL, respectively. The SST trend simulated in Exp_CTL (Figure 5B) is comparable to those in ERA5 dataset (Figure 5A) despite of some discrepancies including its spatial structures and magnitude. While the North Pacific is characterized by a basin scale warming trend in ERA5 dataset, a warming trend is dominant in the zonal direction from the western to the eastern North Pacific in Exp_CTL. However, two centers of maximum SST trend, which are observed in the Yellow Seas and East/Japan Sea in EAMS in ERA5 dataset (Figure 5A), are also simulated in Exp_CTL (Figure 5B). These results indicate that despite that there are some discrepancies of SST simulated in Exp_CTL including its mean, variance and trend compared to ERA5 dataset, it is reliable to examine the MHW characteristics simulated in OGCM forced by the atmospheric variables from the ERA5 dataset to understand the roles of atmosphere thermodynamic and ocean dynamic processes on the occurrence of MHWs in EAMS




Figure 5 | (A) The map of increasing and decreasing trend from 1982 to 2020 of ERA5 SST in the Pacific region during summer. (B) MOM5 Exp_CTL SST trend. The dots on the map mean a significant increase in the 95% confidence level.



Figures 6A through 6C depict the time series of MHW occurrence in EAMS in Exp_CTL. First, the main characteristics of the occurrence of MHW in EAMS are simulated reasonably in Exp_CTL (Figure 6A) compared to those in the ERA5 dataset (see Figure 1A). The occurrence of simulated MHWs in Exp_CTL appears to be gradually increasing in EAMS, like in the ERA5 dataset, and its linear trend is 0.007/year, which is statistically significant at the 95% confidence level. The linear trend in Exp_CTL is half the one obtained from the ERA5 reanalysis (0.013/year). A weak linear trend could be associated with either weaker linear trend of mean SST in Exp_CTL than ERA5 dataset (see Figure 5) or the lack of atmosphere-ocean coupled processes in Exp_CTL in which the OGCM is forced by the atmosphere variables only. In spite of this discrepancy, the correlation coefficients of MHW occurrence between Exp_CTL and the ERA5 dataset are 0.89 and 0.86 with and without a linear trend, respectively, and are above the 95% confidence level. Figures 6B, C are the same as Figure 6A except is MHW occurrence simulated in Exp_THER and Exp_DYN, respectively. The MHW occurrence simulated in Exp_THER is much weaker than that in Exp_CTL. Similar result is also seen in the MHW occurrence simulated in Exp_DYN (Figure 6C). The MHW occurrence simulated in Exp_CTL could be explained by an additive combination of MHW occurrence simulated in Exp_THER and Exp_DYN in which its linear trend is statistically significant above the 95% confidence level (Figure S1).




Figure 6 | (A) Area-average time series of the total frequency of MHW during summer in EAMS in the MOM5 Exp_CTL experiment. (B) Total frequency time series of Exp_THER as shown in (A). (C) Total frequency time series of Exp_DYN. The 90th percentile threshold temperature in (B, C) was defined as the temperature of Exp_CTL. The black dotted line in the figure indicates a linear trend.



The linear trend of MHW occurrence simulated in Exp_THER is 0.003/year, which is statistically significant at the 95% confidence level. Unlike in Exp_CTL and Exp_THER, however, the linear trend of MHW occurrence simulated in Exp_DYN is not statistically significant (Figure 6C). In addition, the ratio of MHW occurrence frequency between Exp_CTL and Exp_DYN (figure not shown) is gradually decreasing as time progresses, which is consistent with the result in Figure 6. By comparing these three experiments, we concluded that the increasing trend of MHW occurrence in EAMS is due mainly to the atmosphere thermodynamic processes in association with heat flux forcing, which is consistent with the findings of the heat budget analysis in the ERA5 reanalysis dataset (Figure 2C). In contrast, the ocean dynamic processes play a minor role in the recent increase in MHW occurrence in EAMS.

We further calculated the EOF1 in Exp_CTL and Exp_THER and the corresponding PC time series (Figures 7A–D). The spatial structure of EOF1 MHW occurrence in Exp_CTL is characterized on a basin scale in EAMS (Figure 7A) and has some discrepancies with that in the EOF1 simulated with Exp_THER (Figure 7C), where there are local characteristics of MHW occurrence. Such differences in detailed features could be due to omission of ocean dynamic processes in Exp_THER compared to in Exp_CTL. In spite of this, however, the correlation coefficients of the two EOF1 PC time series (Figures 7B, D) in Exp_CTL and Exp_THER were 0.80 and 0.74 with and without a linear trend, respectively, which are statistically significant at the 95% confidence level. This indicates that the dominant variability of MHW occurrence represented by EOF1 in Exp_CTL can be largely explained by that in Exp_THER, which is consistent with the result in Figure 6. We further conducted heat budget analysis using Exp_CTL and calculated the regressed heat budget terms averaged in EAMS against the EOF1 PC time series in Exp_CTL (Figure S2). Similar to that in ERA5 dataset (Figure 2C), the SST tendency associated with the EOF1 of MHW occurrence is explained largely by heat flux forcing, in particular, net shortwave radiative forcing. In addition, ocean advection processes and residual processes play a minor role to act a positive SST tendency associated with the EOF1 of the MHW occurrence in Exp_CTL. These results also support the notion that the atmosphere thermodynamic processes play a key role in the upward occurrence trend of MHWs in EAMS.




Figure 7 | (A) EOF1 spatial pattern of the total frequency of summer MHWs in EAMS, analyzed by Exp_CTL of MOM5 from 1982 to 2020. (B) EOF1 PC time series of EAMS summer MHWs analyzed with Exp_CTL as in (A). (C) Same as (A) but with the EOF1 spatial pattern analyzed with Exp_THER. (D) EOF1 PC time series of Exp_THER as in (B). The dotted lines in (B, D) indicate a linear trend. As in Figure 2A, the unit is loaded on the PC time series.



Figure 8A displays the regressed SST anomalies against the EOF1 PC time series in Exp_CTL. Similar to that in the ERA5 dataset (see Figure 3A), the increase in mean SST contributes to frequent occurrence of MHWs in EAMS in Exp_CTL. In addition, a La Niña–like SST structure appears with an increase of MHW occurrence in EAMS in Exp_CTL, which is consistent with the result from the ERA5 dataset. Figure 8B is the same as Figure 8A except for regressed SST anomalies against those of EOF1 PC in Exp_THER. Similar to Exp_CTL, a frequent occurrence of MHWs in EASMs in Exp_THER is associated with the increase in mean SST from the western North Pacific to the central North Pacific. A La Niña-like cooling in Exp_THER is weak in the central-to-eastern tropical Pacific, where the ocean dynamics play a key role in inducing SST anomalies. The result in Figure 8 indicates that the increase in MHW occurrence in EAMS is associated with the increase in mean SST in the same place in both Exp_CTL and Exp_THER, implying that the occurrence of MHW and its associated warm SST in EAMS is explained largely by the atmosphere thermodynamic processes.




Figure 8 | (A) The Northern Hemisphere SST map (20° S~50° N, 50° E~60° W) regressed with EOF1 PC time series of Exp_CTL shown in Figure 5B. (B) SST regression map as seen in (A) but with Exp_THER. The dots on the map indicate significance at the 95% confidence level.



Figure 9A–D show the regressed radiant heat fluxes against with the EOF1 PC time series in Exp_CTL. Consistent with the heat budget analysis in ERA5 dataset and Exp_CTL (see Figure 2C and Figures S2), the regressed shortwave radiation heat flux is significant in EAMS (Figure 9A), which is contrast to other radiant heat fluxes including longwave, latent heat, sensible heat fluxes. This result also supports that the contribution of shortwave radiation processes leading to the upward increase of MHW occurrence is significant. In spite of this, this result may have intrinsic limitations due to the very non-linear behavior of the heat fluxes. Indeed, the sensible heat flux directly depend on air temperature, while the latent non-linearly on all air and sea surface variables, therefore, Exp_CTL and Exp_THER may not be conclusive on the impact of solar radiation. To have a robust conclusion, it is necessary to run an experiment where only the downward shortwave flux is set to climatological values.




Figure 9 | Regression maps of shortwave radiation (A), longwave radiation (B), latent heat flux (C) and sensible heat flux (D) against with the EOF 1 PC time series in Exp_CTL. The dots on the map indicate the statistical significance at the 95% confidence level.






Summary and Discussion

The purpose of this study was to examine the contribution of atmosphere thermodynamic and ocean dynamic processes to the upward trend of MHWs in EAMS during summer between 1982 and 2020 by analyzing the ERA5 reanalysis datasets and performing three model experiments (Exp_CTL, Exp_THER, and Exp_DYN). The analysis of the ERA5 reanalysis dataset indicated that the characteristics of the occurrence of MHWs in EAMS are largely explained by the EOF1, which is characterized by upward trend in basin-scale occurrence of MHWs. The EOF1 of MHW occurrence is associated with a La Niña–like SST structure with a PJ-like atmospheric circulation that originated from convection in the warm pool and the Maritime Continent. Indeed, heat budget analysis indicated that the SST tendency associated with the EOF1 of MHW occurrence in EAMS is explained largely by heat flux forcing—in particular, the net shortwave radiative forcing.

We further analyzed the upward trend of MHW occurrences simulated in three experiments in EAMS to examine the role of atmosphere thermodynamic and ocean dynamic processes, respectively. By comparing with the three experiments, we concluded that the increasing trend of MHW occurrence in EAMS is mainly due to the atmosphere thermodynamic processes in association with shortwave heat flux forcing, which is in contrast to the role of ocean dynamic processes. However, we cannot exclude that MOM5 ocean model suffers to simulate the regional ocean circulations including the Kuroshio current and its extension, therefore, there is a possibility that local ocean dynamics can be affected by net surface heat flux changes in Exp_THER. This implies that atmospheric wind pattern anomalies have a limited role on simulating MHWs in EAMS in three experiments.

Although MOM5 is useful in assessing the characteristics of MHW occurrence at the global scale, the spatial resolution of MOM5 (1x1) may not be enough to resolve mesoscale processes that play a substantial role in the dynamics of the ocean. In particular, western boundary currents are regions of intense mesoscale eddy activity where high-resolution models are able to simulate the regional ocean circulation properly than the coarse-resolution models (Pilo et al., 2019; Hayashida et al., 2020). In MOM5, on the other hand, sensible heating arises from turbulent exchange with the atmosphere, and is generally parameterized by turbulent bulk formula and latent heating is related to mass transport across the ocean surface  where Hvapor=2.5 x 106 J Kg-1 is the latent heat of vaporization, Qmvapor: the evaporative mass flux in units of Kg m-2 s-1) (Griffies, 2012). It should be noted that both sensible heat and latent heat fluxes depend on the wind forcing, so that Exp_THER and Exp_DYN may not fully separate the atmosphere thermodynamic processes and ocean dynamic processes.

We argued that the increase in basin-scale MHW occurrence in EAMS is associated with an increase in mean SST in the same place, which could be due to global warming and largely can be explained by the atmosphere thermodynamic processes. These results imply that it is necessary to carefully consider the atmosphere thermodynamic processes to improve the predictability of MHW occurrence in EAMS and to correctly project their future changes.
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