[image: image1]Tracking the variability of the western Pacific warm pool heat content over 1980–2020

		ORIGINAL RESEARCH
published: 14 June 2024
doi: 10.3389/feart.2024.1377715


[image: image2]
Tracking the variability of the western Pacific warm pool heat content over 1980–2020
Liang Jin1,2,3, Chunlei Liu1,2,3,4*, Ning Cao1,2,3*, Xiaoqing Liao1,2,3,4, Yufeng Xue1,2,3, Ruijuan Bao5, Lingli Fan1,2,3, Lingjing Zhu1,2,3, Qianye Su1,2,3, Ke Yang1,2,3, Rong Zheng1,2,3, Shujie Chang1,2,3 and Mei Liang1,2,3
1College of Ocean and Meteorology, Guangdong Ocean University, Zhanjiang, China
2South China Sea Institute of Marine Meteorology, Guangdong Ocean University, Zhanjiang, China
3CMA-GDOU Joint Laboratory for Marine Meteorology, Guangdong Ocean University, Zhanjiang, China
4Department of Meteorology, University of Reading, Reading, United Kingdom
5Fujian Key Laboratory of Severe Weather, Fuzhou, China
Edited by:
Sabrina Speich, École Normale Supérieure, France
Reviewed by:
Meghan F. Cronin, National Oceanic and Atmospheric Administration (NOAA), United States
Gen Li, Hohai University, China
* Correspondence: Chunlei Liu, liuclei@gdou.edu.cn; Ning Cao, ncao@gdou.edu.cn
Received: 28 January 2024
Accepted: 15 May 2024
Published: 14 June 2024
Citation: Jin L, Liu C, Cao N, Liao X, Xue Y, Bao R, Fan L, Zhu L, Su Q, Yang K, Zheng R, Chang S and Liang M (2024) Tracking the variability of the western Pacific warm pool heat content over 1980–2020. Front. Earth Sci. 12:1377715. doi: 10.3389/feart.2024.1377715

The western Pacific warm pool (WPWP) is a major thermal driver of atmospheric deep convection and global atmospheric circulation in the tropics, and changes in its ocean heat content (OHC) affect the local and global climates. Four state-of-the-art ocean reanalyses and one objective analysis were used to study the variations in the WPWP OHC, ocean heat content tendency (OHCT), and ocean heat transport (OHT). The variabilities of both the OHC and OHCT integrated from 0 to 300 m are consistent between the datasets and are closely related to the El-Niño southern oscillation cycle. The integrated OHC from 0 to 2000 m shows an overall increasing trend in the WPWP. The WPWP mainly gains heat from the eastern boundary and loses heat from the northern boundary. The heat transport through the eastern boundary of the WPWP is mainly facilitated by the westward flowing south and north equatorial currents as well as the equatorial countercurrent around the depth of the thermocline, whereas the OHT at the northern boundary is mainly driven by the western boundary current of the Pacific Ocean, which shows complex flow structures.
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1 INTRODUCTION
The western Pacific warm pool (WPWP) is a region with a relatively higher temperature compared to its surrounding areas; its mean sea-surface temperature (SST) is above 28°C all year round (Levitus, 1982), which is a major thermal driver of atmospheric deep convection and global atmospheric circulation in the tropics (Bjerknes, 1969). Therefore, changes in WPWP ocean heat content (OHC) have significant impacts on the global atmosphere and ocean circulations. Garcia (1983) noted that the location variability of the WPWP’s high-temperature center would have a profound impact on the temporal and spatial changes in convection over the tropical regions. The convective heating above the warm pool maintains the energy cycle of the Walker circulation and drives the anomalies of the local Hadley circulation, affecting the global climate (Dayem et al., 2007; Williams and Funk, 2011; Kim et al., 2020). The variations in the thermal state of the WPWP have important impacts on the interannual variability of the western Pacific subtropical high through the East Asia/Pacific (EAP) teleconnection propagating eastward along East Asia (Chen and Huang, 2008; Huang and Wang, 2010). The OHC change in the WPWP is also closely related to heat convergence and divergence in the tropical Pacific and El-Niño southern oscillation (ENSO) processes (Hu and Hu, 2014; Mayer et al., 2014; Hu et al., 2017; Wu et al., 2018; Cheng et al., 2019).
Recent studies have shown that the frequency and duration of ocean heat anomalies in the surface and subsurface layers of the WPWP region over the past few decades have increased significantly and that the ocean heat anomalies in this region are mainly driven by ocean–atmosphere dynamic processes related to ENSO events (Holbrook et al., 2021; Huang et al., 2021; Spillman et al., 2021; Lee et al., 2022; Zhang et al., 2022). The OHC in the WPWP has significant interannual variations and is closely related to the precipitations in the surrounding regions, which can be used as predictive indicators of the precipitations in these regions (Ren et al., 2018; Zheng et al., 2018). The OHC changes along the thermocline near the WPWP were also used as indicators to predict the frequency of tropical cyclones landfalling along the coastal areas of China (Sparks and Toumi, 2020; Liu et al., 2023). Additionally, it was found that the earlier onset of the South China Sea summer monsoons after the late 1990s were likely caused by the warming of the WPWP and enhancement of convective activity over the WPWP during the corresponding period (Huangfu et al., 2017). Therefore, the OHC changes in the WPWP play important roles in many aspects of global climate change.
The WPWP formation is the result of regulation of large-scale ocean–atmospheric dynamic processes (Clement et al., 2005). Pierrehumbert (1995) affirmed the role of ocean heat transport (OHT) in maintaining the WPWP. Wyrtki (1989) argued that the changes in the warm pool are the result of interactions between the subtropical circulations in the southern and northern hemispheres and that the OHC flowing through the warm pool area plays an important role in maintaining the warm pool itself. Studies have shown that the SST anomalies of the north equatorial warm currents flowing westward are an important cause of the corresponding SST anomalies in the WPWP (Yang et al., 2019). The anomalous meridional flows in the upper layers of the equatorial western Pacific and equatorial central Pacific are also important driving forces for OHC changes in the WPWP (Qi et al., 2010). Hu and Hu (2014) as well as Hu et al. (2017) argued that the ocean circulation in the WPWP region is related to the ENSO cycle; therefore, investigating the OHC changes and OHTs of the WPWP can provide a better understanding of its relationship with ENSO processes.
Four state-of-the-art ocean reanalysis datasets were employed in this study to investigate the changes in the WPWP OHC, OHC tendency (OHCT), and OHT as well as explore the relationships between the OHC, OHCT, OHT, and ENSO. The remainder of this manuscript is organized as follows. Section 2 introduces the datasets and methods used in the study. Section 3 presents the OHC, OHCT, and OHT results in the WPWP, and Section 4 presents the discussion and conclusions of this work.
2 DATA AND METHODS
2.1 Datasets
Four ocean reanalysis datasets, including the Ocean Reanalysis System 5 (ORAS5), Global Ocean Reanalysis and Simulations version 4 (GLORYS), Simple Ocean Data Assimilation version 3 (SODA3), and Global Ocean Data Assimilation System (GODAS), having high temporal and spatial resolutions, were selected for this study. The objective analysis product from the Institute of Atmospheric Physics (IAP) at the Chinese Academy of Sciences was also used for comparisons. All data were considered as monthly means, and the brief descriptions of the datasets are listed in Table 1.
TABLE 1 | Dataset and brief descriptions.
[image: Table 1]2.1.1 ORAS5
ORAS5 is an upgraded product of the ORAP5 from the ECMWF (Zuo et al., 2017, 2019) that uses the Nucleus for European Modelling of the Ocean (NEMO) model (Madec and the NEMO System Team, 2023) along with the NEMOVAR ocean assimilation system (Mogensen et al., 2012). NEMOVAR uses the 3D-Var FGAT (First Guess at Appropriate Time) assimilation technique to assimilate the sub-surface temperature, salinity, sea-ice concentration and sea-level anomalies. The ORAS5 data are forced by either global atmospheric reanalysis or ECMWF/IFS operational analysis and are also constrained by the observational data of the SSTs, sea-surface salinity, sea-ice concentrations, global-mean-sea-level trends, and climatological variations in the ocean mass. The ERA-interim atmospheric forcing and reprocessed observations over 1979–2014 were used along with the near real-time ORAS5 products using the ECMWF operational atmospheric forcing and near real-time observations, which have been available since 2015. The data have an eddy-permitting horizontal resolution of 0.25°×0.25° with 75 vertical levels.
2.1.2 GLORYS2V4
GLORYS is a global ocean data assimilation reanalysis system implemented under the MyOcean framework with the aim of simulating the global ocean using a high-resolution grid under the constraint of assimilated data (Lellouche et al., 2013). The latest version of GLORYS2V4 spans the altimeter and Argo era from 1993 to present. The NEMO approach is implemented on the ORCA025 grid (horizontal resolution of 0.25°×0.25°, 75 vertical levels) and is coupled with the sea-ice model LIM2. The system uses a reduced-order Kalman filter assimilation scheme along with 3D-var for temperature and salinity error corrections. The model is forced by the ERA-interim.
2.1.3 SODA3
SODA3.4.2 is the latest version of the SODA ocean reanalysis conducted at the University of Maryland (Carton et al., 2018). SODA3 is built on the Modular Ocean Model v5 (MOM5), which is the ocean component of the Geophysical Fluid Dynamics Laboratory CM2.5 coupled model (with a horizontal resolution of 0.5°×0.5° and 50 vertical levels); it also uses the ERA-interim forcing.
2.1.4 GODAS
GODAS is used as the replacement for the previous version of the NCEP Pacific Ocean Data Assimilation System (ODAS) (Saha et al., 2006) and is based on a quasiglobal configuration of the GFDL MOM v3 (horizontal resolution of 1°×1/3°, 40 vertical levels). GODAS is forced by the momentum, heat, and freshwater fluxes from the NCEP atmospheric reanalysis 2. The temperature and synthetic salinity profiles are assimilated, and the 3D-var scheme is used.
2.1.5 IAPv4
The fourth version of the OHC objective analysis product (IAPv4) is developed by the Institute of Atmospheric Physics and accounts for the recent developments in quality control (QC) procedures, climatology, and bias corrections. The IAPv4 has a horizontal resolution of 1°×1° and 119 vertical levels. Compared with IAPv3, the data quality of the new version is greatly improved (Cheng et al., 2017; Cheng et al., 2024). 
2.2 Computations of ocean heat content and ocean heat transport
Following Liu et al. (2023), the OHC in a grid box was calculated using the seawater potential temperature by the following equation:
[image: image]
where A is the horizontal area of the grid box, ρ is the density of seawater, [image: image] is the specific heat of the seawater, [image: image] is the seawater potential temperature anomaly relative to the reference period of 2006–2018, and z1 and z2 are the lower and upper layer boundaries of the integration, respectively. Since the changes in the density and specific heat of the seawater are small, they were selected as constants of values ρ=1027 kgm−3 and [image: image] = 4187 Jkg−1K−1, respectively (Jian et al., 2022). The OHC integrated within a domain is then divided by the domain area to obtain the unit of J/m2.
The OHCT is defined as the first derivative of the OHC and is calculated by the central difference as follows:
[image: image]
where i denotes a particular month, ti-1 and ti+1 denote the time instances one month before and after the month i, respectively.
The northward OHT at a given latitude θ can be estimated as per Hall and Bryden (1982):
[image: image]
where R is the radius of the Earth (in m), φ is the longitude, and v is the northward component of the current velocity. The reference temperature [image: image] is set to the multiannual (2006–2018) domain mean temperature in accordance with Lee et al. (2004) and Verdy et al. (2023).
Similarly, the eastward OHT at a given longitude φ is estimated as
[image: image]
where u is the eastward component of the current velocity.
Although the WPWP boundaries vary with time, a fixed region (10°S to 20°N, 110°E to 165°E) was selected (Figure 1) as the study area based on the time mean SST above 28.5°C and distance from the Australian continent to facilitate the study on changes in the OHC and OHT. The reference temperature [image: image] is 7.1°C for ORAS5, 7.0°C for GLORYS, 7.2°C for SODA3, and 6.9°C for GODAS based on the selected domain. The multivariate ENSO index (MEI, version 2), which combines oceanic and atmospheric variables (Wolter and Timlin, 2011), was used to investigate the relationship between the WPWP and ENSO. Unless otherwise stated, the two-tailed t-test was used for the significance test of the Pearson correlation coefficient in this study at a significance level of 0.01, and the Mann–Kendall test was used to test the trend at a significance level of 0.01 (Hipel and Mcleod, 1994).
[image: Figure 1]FIGURE 1 | Multiannual mean sea-surface temperature (SST) spatial distribution over 1993–2020. The black contour line is the 28.5°C isotherm of the SST, and the rectangular box is the western Pacific warm pool (WPWP) area (10°S to 20°N, 110°E to 165°E) selected for this study.
3 RESULTS
3.1 OHC and OHCT variabilities in WPWP
The 12-month running mean WPWP OHC and OHCT time series from the five datasets are plotted in Figure 2. The OHC is shown on the left column, and the OHCT is shown on the right column. The time series ranges from 1980 to 2020, except for the GLORYS data that spans from 1993 to 2020. The time series of the OHC and OHCT from the five datasets are very consistent over 0–300 m (Figures 2A, E); they show slight warming before 1990, following which the OHC dropped for a few years owing to the eruption of Mount Pinatubo in May 1991, and again followed by the El-Niño cycle around 1997/98, when the ocean heat was transported from the WPWP to the eastern Pacific along the thermocline (Xu et al., 2020) and accompanied by a large drop of the OHC in the WPWP. All datasets show overall increasing trends (2.22–3.15 W/m2 in Table 2) during 1993–2010, followed by decreasing trends after 2010 and a large drop in the OHC around the 2010/11 ENSO event. The interannual variations were modulated by the ENSO, and the OHC and MEI have opposite phases. The correlation coefficients between the OHC and MEI are all less than or equal to −0.87 for the two selected time periods (Table 3). Below 300 m, the consistency among the five datasets is not as good as that over 0–300 m (Figures 2B, C), with the GODAS dataset showing a larger discrepancy over the others. There are large differences between the datasets in the range of 700–2000 m before 2005, and the trends from SODA3 and IAPv4 are much smaller than those from ORAS5 and GODAS, although the variability is quite consistent (high correlation coefficients in Table 2). The consistency improved after 2005, when more observations were available with the implementation of the Argo floats (Figure 2C). The GODAS has a spurious high value in January 2018 and merits further investigation. Similar to the variation in the OHC integrated from 0 to 300 m, the variability and trend of the OHC over 0–2000 m follow the MEI well and are mainly derived from the OHC in the top 0–300 m based on a comparison of the variability magnitudes. All datasets show significant warming trends over the different layers between 1993 and 2010, except for the SODA3 and IAPv4 data, which show insignificant trends in the depths between 700 and 2000 m. Most datasets show significant cooling trends in the layer between 0 and 700 m over 2010–2020, while the trends between 700 and 2000 m are significantly positive.
[image: Figure 2]FIGURE 2 | Time series of the WPWP OHC (left column) and its tendency (right column) integrated for 0–300 (A,E), 300–700 (B,F), 700–2000 (C,G) and 0–2000 m (D,H) from 1980–2020 based on four reanalysis datasets, namely SODA3 (black), ORAS5 (red), GLORYS (blue), and GODAS (orange), as well as the IAPv4 (cyan). The GLORYS time series is from 1993 to 2020. It is noted that the MEI is scaled by different factors in different panels for the sake of clarity.
TABLE 2 | OHC trends and correlation coefficients (r) between the IAPv4 OHCT and other datasets.
[image: Table 2]TABLE 3 | Correlation coefficients (r) between the MEI and OHC/OHCT. The lead/lag months are also listed in the parentheses, and the negative values mean that the OHCTs lead the MEIs.
[image: Table 3]Similar to the OHC, the variability of the OHCT integrated from 0 to 300 m was also very consistent among the datasets (Figure 3E), as confirmed by their correlation coefficient of r = 0.99 over both 1980–2020 and 1993–2020 (Table 2). The OHCT is closely related to the MEI, and the correlation coefficients are all significant; meanwhile, the OHCT leads MEI by approximately 7 months (Table 3). It is interesting to note that the OHCT integrated over 300–700 m is also related to the ENSO cycle and leads the MEI by approximately 7–9 months depending on the selected datasets and time periods. However, the MEI leads the OHCT by 4–6 months between 700 and 2000 m. The OHCT integrated from 0 to 2000 m is similar to that integrated from 0 to 300 m, which dominates the variability of both OHC and OHCT in the top 2000 m of the WPWP.
[image: Figure 3]FIGURE 3 | Schematic representation showing ocean heat transport (OHT) through four vertical sections along the boundaries of the WPWP. The northward and eastward OHTs are defined as positive.
3.2 OHT through the WPWP boundaries
To further investigate the causes of the OHC changes in the WPWP, the OHTs through four sections along the WPWP boundaries (Figure 3) were calculated, whose results are plotted in Figure 4. The y-axis in Figure 4 is scaled differently for each panel to show the OHT variability through each boundary. The plots with the same scaling are given in Supplementary Figure S1 for reference. The OHT was integrated from 0 to 2000 m, and the lines are 12-month running means. The eastward and northward OHTs are defined to be positive. The OHTs through the eastern, southern, western, and northern boundaries of the WPWP are denoted as OHTE, OHTS, OHTW, and OHTN, respectively. The OHTN through the northern boundary is all positive (Figure 4A), implying that heat flows away from the WPWP. The multiannual mean OHTN values are 0.95 (ORAS5), 1.17 (GLORYS), 1.22 (SODA3), and 1.13 PW (GODAS) (Table 4). The lines are broadly spread, and the mean standard deviations (STDs) are 0.15 PW over 1980–2020 (three datasets) and 0.58 PW over 1993–2020 (four datasets), with all of them being in phase. The correlation coefficients (r) between the ORAS5 and other datasets are listed in Table 5, and all the values are significant. The correlation coefficients between the OHTN and MEI are small, but most of them are significant (Table 5).
[image: Figure 4]FIGURE 4 | Time series of the OHTs through four sections along the WPWP boundaries. The OHTs are integrated from 0 to 2000 m, and the lines are 12-month running means. The eastward and northward OHTs are defined as positive. It is noted that the MEI is scaled by different factors in different panels for the sake of clarity.
[image: Figure 5]FIGURE 5 | Comparison of the net heat transport in the WPWP divided by the area of the research region with OHCT. Since the OHC is relative to the years 2006–2018, the net heat transport is also relative to this period.
TABLE 4 | Multiannual mean (1993–2020 for GLORYS but 1980–2020 for others) OHT values through the four WPWP boundaries integrated from 0 to 2000 m.
[image: Table 4]TABLE 5 | Correlation coefficients (r) between ORAS5 OHT and other OHTs, as well as between the OHT and MEI at each boundary. The lead/lag months are also listed in the parentheses, and the negative values mean that the OHTs lead the MEIs.
[image: Table 5]The OHTE through the eastern boundary shows larger amplitude variability and larger spread (Figure 4B) than those of the OHTN, with the multidataset mean STDs being 0.58 PW (19080–2020) and 0.93 (1993–2020). The multiannual mean OHT values (ORAS5: −0.86 PW, GLORYS: −2.44 PW, SODA3: −0.86 PW, GODAS: −0.60 PW) are all negative, indicating inflow of heat to the WPWP. Therefore, the WPWP mainly gains heat from the eastern boundary and loses heat from the northern boundary. The OHTE time series are in phase with each other and lead the MEIs by 4–7 months except for the GODAS data, where the MEI leads the OHTE (Table 5). Compared with OHTN and OHTE, the multiannual mean OHTS values are −0.12 (ORAS5), −0.12 (GLORYS), −0.22 (SODA3), and −0.005 PW (GODAS). The transport direction is southward, and the amount of heat transported is small compared to those of the north and east sections (Table 4). The STDs are 0.23 PW (1980–2020) and 0.24 PW (1993–2020). The OHTW through the western boundary is also weak (Figure 4D), and its mean values (ORAS5: 0.05 PW, GLORYS: −0.03 PW, SODA3: −0.11 PW, GODAS: −0.02 PW) are quite small. The variability between the datasets is more or less consistent, and this is confirmed by the correlation coefficients (r) between ORAS5 and the other datasets, as listed in Table 5. However, the time series have large spreads compared with their interannual variabilities. The MEI leads both OHTS and OHTW. The net zonal OHT inflow to the WPWP is all positive, and the net meridional OHT inflow to the WPWP is all negative (Table 4). Therefore, the WPWP gains heat from the zonal flows, mainly from the flow through the eastern boundary. It is observed from Table 4 that the net OHT inflow in GLORYS is positive, while the values in the others are negative, with the value being less negative in ORAS5 than the other two. These differences between the estimates may be attributed to the increment in data assimilation, which must be taken into account to reduce uncertainties in future studies.
The net OHT inflow to the WPWP is divided by the section area to obtain the unit of W/m2. The net OHT and OHCT in the WPWP from the four datasets are plotted together in Figure 5; it is seen that there is good agreement in the variability and that the correlation improves after 1995 (Table 6); for example, the correlation coefficient r = 0.88, 0.88, and 0.90 for ORAS5 over 1980–2020, 1993–2020, and 2005–2020, respectively. These results imply that although there are energy flux exchanges at the surface and at 2000 m, the heat change rate in the top 2000 m of the WPWP is dominated by horizontal heat transport. The reason for the large net OHT deviation between GODAS and others before 1995 may be attributed to the use of different surface forcings, as described in Section 2, meriting further investigation.
TABLE 6 | Correlation coefficients (r) between the net incoming OHT to the WPWP and OHCT in the WPWP, as shown in Figure 5.
[image: Table 6]3.3 Tracking the OHT
To track the paths of the heat flows to and away from the WPWP, the multiannual mean (2006–2018) OHTs through the latitude–depth cross sections at different longitudes are plotted in Figure 6 using ORAS5 data. There are several concentrated flow regions, which have been marked as A, B, C, and D. The positive OHT is the eastward flow, and the dashed black line is the position of the thermocline defined as the location of the 20°C isotherm. The thermocline moves toward the surface from west to east, as expected. The heat flow patterns in all panels from west to east are similar, but the concentrated flow regions move upward with elevating thermocline (Figures 6A–H). The westward south and north equatorial currents in regions A and B (Figure 6I) are due to the trade winds; the eastward countercurrent at the equator is due to the low sea-surface pressure (Hu et al., 2015) and is concentrated around the depth of the thermocline. The countercurrent is also closely related to the ENSO cycle consisting of the neutral, El-Niño, and La-Niña phases (Zhao et al., 2013; Chen et al., 2016; Webb, 2018; Wijaya and Hisaki, 2021). It has been reported that the latitude locations of these equatorial currents could change with warming climates (Zhai et al., 2014).
[image: Figure 6]FIGURE 6 | Multiannual mean (2006–2018) OHTs through the latitude–depth cross sections at different longitudes from 165°E to 90°W across the Pacific Ocean (A–H) using ORAS5 data. The positive OHT indicates eastward flow, and the dashed black line is the position of the thermocline that is defined as the location of the 20°C isotherm. Panel (I) is the enlarged plot of the black rectangular area in (A). Region A includes all westward OHT (negative) grid points, while region C includes all eastward OHT (positive) grid points in a rectangular area (8°S to 3°N, 300–600 m, at 165°E). Similarly, regions B (10°N to 18°N, 0–300 m, at 165°E) and D (3°S to 8°N, 0–300 m, at 165°E) include all westward OHT (negative) grid points in the corresponding rectangular areas.
The time series of the OHTs through the marked regions (Figure 6I) are plotted in Figure 7, together with the MEI time series. The maximum (minimum) lead–lag correlation coefficient (r1) between the OHT and MEI is also displayed with the leading months in the parentheses, where a negative leading month indicates that the OHT leads MEI. The selected region A includes all westward OHT (negative) grid points, while region C includes all eastward OHT (positive) grid points in a rectangular area (8°S to 3°N, 300–600 m, at 165°E); regions B (10°N to 18°N, 0–300 m, at 165°E) and D (3°S to 8°N, 0–300 m, at 165°E) include all westward OHT (negative) grid points in the corresponding rectangular areas. The OHTs show overall decreasing trends in region A following the MEI and a significant correlation coefficient of r1 = 0.79 with the OHT leading MEI by 4 months (Figure 7A). Both regions B and D have westward OHTs, and their magnitude variabilities are smaller than that for region A. The correlation coefficients between the OHTs, MEIs, and leading months are different in these two regions. In region C, the correlation coefficient is only 0.33, with the OHT leading MEI by 4 months. The results from the other three datasets show similar patterns (not shown here). The OHTE through the eastern boundary of the WPWP is also plotted for comparison of the OHTs through the marked regions. The correlation coefficient r2 between the OHT and OHTE is calculated and displayed; there are significant correlations for regions A, C, and D, but the correlation for B is insignificant. The corresponding scatter plots between the OHT and OHTE are shown in Figure 8 for regions A, B, and C along with their correlation coefficients.
[image: Figure 7]FIGURE 7 | Time series of the OHTs through regions (A–D) (thick solid black lines), along with the MEI time series scaled by different factors for comparison purposes (dashed black lines). The OHTE (thin solid black line) through the eastern boundary of the WPWP is also plotted. The maximum (minimum) correlation coefficient (r1) between the OHT and MEI is displayed along with the leading months in parentheses (positive leading month means that the OHT leads MEI), and r2 is the correlation coefficient between the OHT and OHTE, where the OHTE is also scaled by different factors.
[image: Figure 8]FIGURE 8 | Scatter plots between the OHTE through the eastern boundary of the WPWP and OHTs through regions A, C, and D. The corresponding correlation coefficients are also displayed.
Similarly, the multiannual mean (2006–2018) OHTs through the longitude–depth cross sections at different latitudes are plotted in Figure 9; it is seen that the western boundary current of the Pacific Ocean dominates the heat flow and that the depth for the concentrated heat flow increases from 20°N to 35°N. The structure of the boundary current varies with latitude. There are northward and southward flows at 20°N, and the southward flow on the left is weaker than the northward flow. The flow structure from west to east becomes complicated at higher latitudes. There is a northward flow along the western boundary, followed by a southward flow and then a northward flow again from 25°N to 35°N. The northward flow is the Kuroshio current, which is mainly the diversion of the westward north equatorial current that turns eastward at approximately 35°N, and this can be seen in Figures 9E, F where the concentrated flow disappears. The time series of the OHTs through regions E and F are plotted in Figure 10 along with the MEI time series. The southward heat flow in region E shows an overall decreasing trend, and the correlation coefficient of 0.32 between the OHT and MEI is significant, with the OHT leading MEI by 14 months.
[image: Figure 9]FIGURE 9 | Multiannual mean (2006–2018) OHTs through longitude–depth cross sections at different latitudes from 20°N to 45°N (A–F) using ORAS5 data. The positive OHT indicates northward flow, and the dashed black line is the position of the thermocline defined as the location of the 20°C isotherm. Panel (G) is the enlarged plot of the black rectangular area in (A). Region E (112°E to 116°E, 0–600 m, at 20°N) includes all southward OHT (negative) grid points, while region F (117°E to 121.5°E, 0–600 m, at 20°N) includes all northward OHT (positive) grid points in the corresponding rectangular areas.
[image: Figure 10]FIGURE 10 | Time series of the OHTs through the E and F regions, along with the MEI time series scaled by different factors for comparison purposes. The maximum (minimum) correlation between the OHT and MEI is also displayed along with the leading months in parentheses (positive leading month means that the OHT leads MEI).
4 DISCUSSION AND CONCLUSION
Four state-of-the-art ocean reanalysis datasets (ORAS5, GLORYS, SODA3, and GODAS) and one objective analysis product (IAPv4) were employed in this study to investigate the OHC, OHCT, and OHT in the WPWP region. The main conclusions of this study are as follows:
(1) There is good consistency between the four datasets for estimating the OHC and OHCT in the top 300 m of the WPWP, but larger differences exist at deeper layers, especially before 2005. All datasets show overall warming trends in OHC from 1980 to 2020.
(2) The OHC in the WPWP has a significant negative correlation with MEI, while the OHCT leads the MEI time series by 7–8 months.
(3) The OHCT variations in the WPWP are highly consistent with changes in the OHTs. The WPWP gains heat from the westward heat transport at the eastern boundary by the north and south equatorial currents while losing heat in the meridional direction from the northern boundary mainly due to the Kuroshio current along the western boundary of the Pacific Ocean.
(4) The variations in the estimated OHCs from different datasets are relatively large between 700 and 2000 m, and their agreement improves after 2005 when more Argo float observations are available.
(5) The OHTs through the WPWP boundaries have close relationships with the ENSO cycle, particularly at the eastern boundary.
The OHTs, particularly the concentrated flows from the north and south equatorial currents and countercurrent, were calculated to study the causes of the OHC changes in the WPWP. However, there is still much work to be done to link these processes to different ENSO development theories, such as the delayed oscillator theory (Suarez and Schopf, 1988; Battisti and Hirst, 1989), advective–reflective oscillator theory (Picaut et al., 1997), western Pacific oscillator theory (Weisberg and Wang, 1997), and recharge oscillator theory (Jin, 1997a; Jin, 1997b). The changes in the sea level heights over the WPWP region can have profound impacts on the current flows and ocean circulation, thereby influencing the heat amount and transport of the WPWP. The heat budget balance between the surface heat flux, heat storage, and transport in the WPWP as well as the effects of increments in the data assimilations on these quantities also need further investigation to derive clear images of the El-Niño cycle and climate change. The ENSO signal has profound influences on the precipitations in China and its surrounding areas (Liu et al., 2022; Gao and Li, 2023), and the leading signal of the OHT in the WPWP to ENSO may play a role in the precipitation forecast over this region.
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