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This study employs reanalysis data published by ECMWF to investigate the impact of ocean waves on cold tongues in the southern hemisphere. Based on the global sea surface temperature (SST) patterns, the scope of the cold tongue is defined in this paper. Compared to Ekman transport, wave transport dominates and plays a critical role in the cold tongue region. This study analyzes the characteristics of cold tongues across the three major ocean, with a primary focus on the Pacific cold tongue, which serves as the most representative region. Analysis of the relationship between meridional wave transport and SST in the southeastern Pacific cold tongue indicates a lagged negative correlation between abnormal SST and meridional wave-induced water transport from high latitudes. Specifically, negative SST anomalies in the Pacific cold tongue occur 3~4 months after a positive anomaly in northward cold-water transport from high latitudes. Meridional wave transport between 30°S and 38°S has a significant cooling effect on SST in the cold tongue region, with the strongest cooling observed along the northeastern coastline. Additionally, the combined effects of northward and westward water transport result in a distinct temperature gradient in the western cold tongue. These findings highlight the connection between wave-induced transport and the cold tongue, providing a novel perspective for exploring the causes of SST anomalies.
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1 Introduction

Ocean cold tongues represent a phenomenon of sea surface temperature (SST) anomalies, which are influenced by processes such as heat flux at the ocean-atmosphere interface, oceanic advective heat transport, upwelling, and convection-induced vertical mixing (Zhang et al., 2022b). Numerous studies have demonstrated that the formation and evolution of cold tongues result from the combined effects of multiple oceanic processes. Wyrtki (1981) pointed out that the formation of equatorial cold tongues is partially the result of upwelling. To compensate for the divergence of water caused by Ekman transport, upwelling brings cold deep water to the surface sea, leading to a decrease in SST (Zhang et al., 2022a). Moum et al. (2013) and Planton et al. (2017) highlighted that vertical mixing processes in the ocean play a controlling role in the seasonal cooling of the equatorial Pacific and Atlantic cold tongues, respectively. As noted by Wang et al. (2017), wind-driven wave upwelling plays a crucial role in modulating the annual cycle of SST in the cold tongue of the eastern equatorial Atlantic. When studying the SST variation of equatorial undercurrent in cold tongue, Hormann and Brandt (2007) proposed that the existing observational data are insufficient to adequately close the mixed layer heat budget within the cold tongue region. This observation underscores the need for further research into the complex factors influencing SST variability in the cold tongue, an area that remains underexplored and warrants continued investigation.

Wave-induced Stokes drift (SD) refers to the net displacement of fluid particles along the direction of wave propagation, which causes water transport in the same direction as the waves (Stokes, 1847). At the sea surface, SD is primarily driven by wind waves, while vertically integrated transport is dominated by swells (Carrasco et al., 2014). Previous studies have shown that global Stokes transport can reach up to 50% of Ekman transport (McWilliams and Restrepo, 1999; Bi et al., 2012). Although Ekman transport, driven by wind stress, occurs only in the shallow surface layer of the ocean, it plays a critical role in maintaining the global heat balance (Alexander and Scott, 2008). Consequently, the influence of wave transport on oceanic heat balance cannot be overlooked.

McWilliams and Restrepo (1999) elucidated the dynamical and thermodynamical driving effects of waves on circulation from a transport perspective. Wu et al. (2008) further studied the role of waves in driving ocean circulation from an energy perspective. Zhang et al. (2014) introduced advection heat transport effect induced by SD into the ocean mixed-layer temperature equation and found its contribution to mixed-layer temperature changes to be comparable in magnitude to that of advection. El Niño constitutes a significant area of oceanic research. Studies have shown that during the period of El Niño, northward wave transport anomalies in the South Pacific increase, with wave-induced cool water transport from high latitudes helping restore abnormal SST to normal levels (Li et al., 2021). Beyond the South Pacific, subsequent research has also established strong links between wave transport anomalies in the North Indian Ocean and North Pacific with large-scale ocean-atmosphere climate variability (Li et al., 2022a; Zhang et al., 2023b). These findings all underscore the significant dynamical and thermodynamical impacts of wave on the ocean system (Li et al., 2025).

According to the results of the ocean general circulation models (OGCMs), Song et al. (2012) demonstrated that wave-induced mixing directly cools SST, with significant impacts in the eastern ocean basins. The enhanced First Institute of Oceanography Earth System Model (FIO-ESM) 2.0 model, incorporating effects of SD on air-sea momentum and heat flux, as well as wave-induced processes such as sea spray, effectively corrected the overly warm SST biases along the Pacific and Atlantic eastern coasts seen in version 1.0 (Bao et al., 2020). These findings highlight the critical role of wave processes in influencing SST variations along the eastern ocean boundaries, a region that serves as a key control area for cold tongue development.

The Southern Ocean serves as the primary source region for swells that influence the wave climate of the Pacific, Atlantic, and Indian Oceans (Young et al., 2020; Li et al., 2021, 2022; Casas-Prat et al., 2024). Ocean waves might influence SST in cold tongue, with typical cold tongue areas in the Southern Hemisphere often dominated by high-latitude swells (Chen et al., 2002), Particularly, the formation of the southeast Pacific swell pools are primarily influenced by northward swell waves from the Southern Ocean (Zhang et al., 2023a). However, current research lacks direct connections between meridional wave-induced transport and the cold tongue in the Southern Hemisphere. This study aims to establish such a connection by investigating wave-driven water transport and its influence on cold tongues in the mid- and low-latitude regions of various oceans. Section 2 outlines the data and methods used (Equations 1–6), while Sections 3 analyze the characteristics of the global ocean and wave-driven transport, focuses on the relationship between wave transport and the southeastern Pacific cold tongue, where the influence of waves is more pronounced. The key conclusions and discussion of this paper are given in Section 4.




2 Dataset and methods



2.1 Dataset

The oceanic and wind field data used in this study are derived from the ERA5 reanalysis datasets provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). It integrates model simulations and observational data into a comprehensive and globally consistent dataset (Hersbach et al., 2020; Li et al., 2022b). The data span the period from 1950 to 2019, with a temporal resolution of monthly averages. The oceanic variables include SST, surface SD velocity, and wave period, with a spatial resolution of 0.5°×0.5°, while the wind field data, representing wind speed at 10 meters above the sea surface, have a spatial resolution of 0.25°×0.25°.




2.2 Calculation of water transport



2.2.1 Wave-induced transport

Due to the water depth being significantly greater than the wavelength, the deep water assumption is applied to the sea area studied in this paper. With the deep-water assumption, the SD velocity at different depths is expressed as (Tamura et al., 2012):



where, z is depth,   is the surface SD velocity,   represents the depth affected by SD, where  =1/2k and k is the wave number. Based on the dispersion relationship under the deep-water assumption,  , the wave number k can be expressed as  , ω is the frequency of wave, g is the gravitational acceleration. Thus, the formula for wave-induced water transport derived from SD can be expressed as (Li et al., 2021):






2.2.2 Ekman transport

Under deep-water conditions, the Ekman transport can be expressed as:





where,   represents the Coriolis parameter, and φ represents latitudes, ρ represents the density of the ocean (1025kg/m³), Wx and Wy represent the velocity components of Ekman transport when the wind is oriented along the east-west and north-south directions,   and   represent the wind stress components in the east-west and north-south directions, respectively,   can be expressed as:



  is the atmospheric density (1.225kg/m³),   is the wind speed at 10 meters above the sea surface,   is the drag coefficient, taken as   (Wu, 1982).





2.3 Linear regression

The basic form of the linear regression model is (Montgomery and Peck, 1992):



Where y is the dependent variable, x is the independent variable,   is the intercept term,   is the regression coefficient, which represents the average effect of each unit increase in x on the dependent variable y,   is the random error term.

Before performing the regression analysis, the data were standardized, as  , where   is the mean of the datasets, σ is the standard deviation of the datasets, Z is the standardized value.

If necessary, hypothesis testing can be conducted on the calculated results. In this study, results that are statistically significant over the 95% confidence level were retained.





3 Results

SST is primarily influenced by solar radiation and generally exhibits a zonal distribution, decreasing from low latitudes to high latitudes. However, along the eastern boundaries of the global Ocean in the tropical and subtropical regions, isotherms tilt towards the lower latitudes, and the SST in these areas is significantly lower than in other regions at the same latitude. Bjerknes (1969) was the first to highlight this anomaly in sea surface temperature and referred to it as the cold tongue. In this study, the eastern ocean regions of the southern hemisphere are divided into three regions as cold tongue areas of the Pacific, Atlantic, and Indian Oceans. As shown in Figure 1, they are (a) (3°S~30°S, 70°W~105°W), (b) (10°S~30°S, 15°W~15°E), and (c) (20°S~30°S, 90°E~110°E), and each region is studied separately, and in the three cold tongue regions, the maximum SST differences at the same latitude can reach up to 8°C, 9°C and 1°C.




Figure 1 | Spatial distribution of mean SST over 70 years, with regions (a–c) representing the cold tongue regions in the Pacific, Atlantic, and Indian Oceans, respectively.



To preliminarily establish the connection between wave-driven transport and SST, the correlation coefficients between SD and SST were calculated, with the results illustrated in Figure 2. In the tropical Pacific and Atlantic, SST exhibits a positive correlation with the zonal SD, with the strongest relationship observed in the central equatorial Pacific, where the correlation coefficient reaches a maximum of 0.7. This positive correlation indicates that an intensification of eastward SD corresponds to an increase in SST. Conversely, in the mid- to high-latitude regions, SST demonstrates a negative correlation with zonal SD.




Figure 2 | Spatial distribution of the correlation coefficients between monthly anomalies of SD velocity and SST. The left side panel represents the zonal correlation, while the right side panel represents the meridional correlation (black dots indicate regions that are statistically significant over the 95% confidence level).



In the Northern Hemisphere, the relationship between meridional SD and SST is predominantly positive, with negative correlations restricted to a few localized areas near the equator. In contrast, the Southern Hemisphere is characterized by a predominantly negative correlation, such that an increase in northward water transport is associated with a decrease in SST. Previous research has shown that during El Niño events, the meridional SD within the Pacific swell regions strengthen northward transport, transporting colder water into tropical oceans. This process induces cooling in these areas and contributes to the accelerated dissipation of El Niño events (Zhang et al., 2023b). These findings demonstrated the critical role of the meridional SD in the South Pacific in modulating SST in low-latitude regions.

Based on the spatial distribution of the 70-year mean wave transport as shown in Figure 3, zonal transport is characterized by strong west-to-east movement in the high-latitude regions of global ocean under the influence of westerly winds. Conversely, in the mid- to low-latitude regions of both hemispheres, trade winds drive east-to-west transport, except in the North Indian Ocean, where monsoonal dynamics result in west-to-east transport (Schott et al., 2009).




Figure 3 | Spatial distribution of wave-driven water transport, with regions (a), (b), and (c) representing the cold tongue regions in the Pacific, Atlantic, and Indian Oceans. The left side panel represents the zonal transport, while the right side panel represents the meridional transport (positive values represent eastward transport and northward transport).



The mean meridional wave transport reveals a predominant flow from higher to lower latitudes along the eastern ocean boundaries in the tropical and subtropical oceans, which corroborates with previous results (Li et al., 2021, 2022a). In contrast, in high-latitude areas of the Northern Hemisphere, transport shifts from lower to higher latitudes along the eastern boundaries. In the cold tongue, meridional transport is primarily south-to-north, with the transport intensity being greater in the nearshore sea areas.

As shown in Figure 1, the SST gradient near the coastal zones in the cold tongue regions is more pronounced. In the cold tongue regions of Pacific, Atlantic, and Indian Ocean, the proportion of areas experiencing northward transport respectively accounts for 88.37%, 94.08%, and 100% of the total cold tongue area, according to the 70-year average results. The maximum northward transport rates in these regions reach 2.12 m²/s, 1.88 m²/s, and 1.85 m²/s, respectively.

Considering the zonal and meridional wave-driven transport patterns, it is evident that the majority of water transported meridionally within the cold tongue regions originates from the Southern Ocean. The northward wave transport conveys cold water from higher latitudes to lower latitudes, where it interacts with the local SST, resulting in a cooling effect on the SST.

Given the significant role of Ekman transport in oceanic heat transport, we conducted a comparative analysis of the 70-year mean differences between wave transport and Ekman transport (calculated as the absolute value of wave transport minus the absolute value of Ekman transport) yields, the results shown in Figure 4. For zonal transport, wave transport dominates on a global scale, with only a few narrow regions along the ocean boundaries in the tropical oceans where Ekman transport exceeds wave transport. This can also be accord with the computational results obtained by Bi et al. (2012) and make a greater focus on exploring the spatial patterns of the two transport. In the Pacific cold tongue region, the average difference between zonal wave transport and Ekman transport reaches 0.50 m²/s, with wave transport surpassing Ekman transport in 60.72% of the cold tongue area. Similarly, in the Atlantic and Indian Ocean cold tongue regions, the average differences are 0.26 m²/s and 0.53 m²/s, respectively, with wave transport prevailing in 66.61% and 81.84% of their respective cold tongue regions. For meridional transport, Ekman transport dominates in low-latitude regions, whereas wave transport significantly exceeds Ekman transport along the eastern boundaries of the tropical and subtropical oceans. Within the Pacific, Atlantic, and Indian Ocean cold tongue regions, the average differences between meridional wave and Ekman transport are 0.19 m²/s, 0.37 m²/s, and 0.87 m²/s, respectively, with wave transport dominating in 49.55%, 68.13%, and 95.12% of the respective cold tongue areas. Thus, given the critical role of Ekman transport in maintaining the thermal balance of ocean (Alexander and Scott, 2008), the heat redistribution induced by wave transport is also likely to have a significant impact on SST, warranting further investigation.




Figure 4 | Spatial distribution of the difference between wave transport and Ekman transport, with regions (a), (b), and (c) representing the cold tongue regions in the Pacific, Atlantic, and Indian Oceans. The left side panel represents the zonal transport, while the right side panel represents the meridional transport (positive values indicate greater wave-induced water transport).



After removing the global warming trend, the spatial distribution of the long-term trends in wave transport are shown in Figure 5. For zonal transport, an increasing trend in eastward transport is observed in Southern Ocean, whereas most subtropical and tropical oceans exhibit an increase trend of westward transport. The only exception is the northern Indian Ocean, where eastward wave transport is intensifying influenced by monsoon. Regarding meridional transport, a notable enhancement in northward transport is evident along the southeastern coasts of the Pacific and Atlantic Oceans. In the South Atlantic and South Indian Oceans, this trend extends from the eastern boundaries to the central ocean, with the strongest intensification occurring near the boundaries. Additionally, regions such as the Sea of Japan, high-latitude areas of the Atlantic, and parts of the central and eastern South Pacific also show a strengthening of northward transport over the past 70 years.




Figure 5 | Long-term trend of wave transport. The left side panel represents the zonal transport, while the right side panel represents the meridional transport (positive values indicate an increase in eastward and northward transport).



To investigate the causes of these trends, Figure 6 presents the long-term changes in wind fields as a reference. The results indicate a significant increase in wind speeds over the Southern Ocean, the southeastern oceanic boundaries, and the equatorial Pacific Ocean, which is consistent with the findings of previous studies (Liu et al., 2023a; Young et al., 2011). The analysis reveals that the spatial and temporal trends in wave-induced water transport align closely with those of wind speed, both of which have been adjusted to remove the global warming trend. Both wave transport and wind velocity exhibit a marked trend of zonal intensification trend within the Southern Ocean. This indicates that the long-term variability in wave-driven transport is primarily governed by changes in wind fields, which aligns with the perspective that sustained year-round strong westerly winds lead to a sustained, year-round intense wave climate in Southern Ocean (Casas-Prat et al., 2024; Liu et al., 2024).




Figure 6 | Long-term trend of wind speed. The left panel side represents the zonal wind, while the right side panel represents the meridional wind (positive values indicate an increase in eastward and northward wind speed).



Above findings indicate that northward wave transport is notably significant in the cold tongue regions. However, as illustrated Figure 2, little significant correlation between SD and SST anomalies is observed in the cold tongue regions of the Atlantic and Indian Oceans. In the subsequent analysis, we further observed that the cold tongues in the Atlantic and Indian Oceans exhibit a less pronounced response to meridional wave transport, as demonstrated by the results in Figures 7, 8. This aligns with the earlier finding of a weak correlation between SST and SD in these regions. As Figure 7 shown, strong cooling effects are only observed in the nearshore areas from 20°S to 30°S in the cold tongue region of Atlantic, where isotherm slopes are most pronounced.




Figure 7 | Spatial distribution of regression coefficients between meridional wave transport across 34°S latitude and SST in the Atlantic cold tongue region (contour lines represent the 70-year mean SST; shaded areas indicate regions statistically significant over the 95% confidence level).






Figure 8 | Spatial distribution of regression coefficients between meridional wave transport across 30°S latitude and SST in the cold tongue region of Indian Ocean (contour lines represent the 70-year mean SST; shaded areas indicate regions statistically significant over the 95% confidence level).



In the Indian Ocean, Figure 8 shows that the cooling effect of meridional water transport on SST is more pronounced in the central and western parts of the cold tongue. In contrast, while the temperature gradient is relatively strong on the eastern side of the cold tongue, the contribution of water transport in this region is not significant.

Consequently, the following discussion will primarily focus on the more representative Pacific cold tongue region. This does not suggest that the influence of wave-driven transport on SST is exclusive to the Pacific; rather, the oceanic dynamics in the Atlantic and Indian Oceans are more complex. A detailed discussion of the Atlantic and Indian Ocean cold tongues will be presented in Section 4.

To analyze the temporal and latitudinal variations of SST anomalies and meridional wave transport anomalies in the Pacific cold tongue region, zonal averages were computed across different latitudes within the longitudinal extent of the cold tongue. Li et al. (2021) identified a 5-year period of significant wave height in the South Pacific wavefield, and our results in Figure 9 indicates that anomalies of both SST and wave transport show a periodic variation on a timescale of 3~5a, which approaches to the period of ENSO. For instance, during significant positive wave transport anomaly events, such as those observed from 1953~1955 and 1972~1975, an increase in northward transport in mid- to high-latitude regions led to greater advection of cold water from high latitudes to low. Consequently, substantial negative SST anomalies were recorded in the 0°~25°S and 0°~32°S regions during 1954~1956 and 1973~1976, respectively, and the SST anomaly decreased by more than 0.5°C.




Figure 9 | Temporal and latitudinal variation of meridional wave-induced water transport anomalies (the upper panel) and SST anomalies (the lower panel) in the cold tongue region. Positive SST anomalies indicate abnormally high temperatures, while positive transport anomalies indicate increased northward transport.



Conversely, during periods of significant negative meridional transport anomalies, such as 1978~1980 and 1992~1995, the reduced northward transport of cold water resulted in positive SST anomalies in subsequent years, notably 1982~1984 and 1996~1999, and the maximum value of SST anomaly reached 1°C.

To more clearly visualize the interannual variability of SST anomalies and wave-driven transport anomalies, Figure 10 presents the annual mean time series of SST anomalies in the Pacific cold tongue region (28°S~30°S, 75°W~105°W) and meridional wave transport anomalies across the section (30°S, 75°W~105°W). The variation in SST within the cold tongue region generally exhibits a negative correlation with the meridional water transport anomalies across the selected section. Notably, after periods of increased northward water transport anomalies in 1954~1955, 1969~1971, 1972~1975, 1983~1985, 1998~1999, and 2010~2012, negative SST anomalies were observed in the cold tongue region. During periods of pronounced wave-driven transport anomalies, such as 1972~1975 and 2010~2012, the maximum cold SST anomalies reached approximately 0.6°C. This suggests that the increased northward water transport brought more cold water into the low-latitude regions, mixing with local surface water and leading to a decrease in SST. Conversely, during the periods of reduced northward water transport anomalies, such as 1956~1958, 1976~1980, 1992~1995, 2007~2009, and 2013~2016, positive SST anomalies were observed in the Pacific cold tongue region. When wave-driven transport exhibited significantly low anomalies during 1976~1980, the corresponding SST anomalies reached a maximum low of approximately 0.8°C.




Figure 10 | Time series of annual mean SST anomalies in the Pacific cold tongue (28°S~30°S, 75°W~105°W) and meridional wave-driven water transport anomalies across the section (30°S, 75°W~105°W). The shaded areas represent SST anomalies; the dashed line represents the changes in northward water transport anomalies.



Based on the interannual variability analysis presented in Figures 9 and 10, a decrease in SST in low-latitude regions occurs 1~2 years lag to an increase in northward wave-driven transport from high-latitude regions corresponds to, highlighting a lagged negative correlation between the two.

To quantify the relationship between wave-induced water transport and SST in the cold tongue region, monthly SST values across the section (22°S, 75°W~105°W) and monthly meridional wave transport from different latitudes from 24°S to 39°S were selected. The lead-lag correlation coefficients between these variables were calculated, as shown in Figure 11; Table 1. The results indicate that SST anomalies generally lag-behind meridional water transport anomalies by approximately 3~4 months, with negative correlation coefficients, suggesting a cooling effect of meridional water transport on SST. This finding is consistent with the negative correlation observed in Figure 9 between meridional wave transport at high latitudes and SST anomaly at low latitudes, thereby corroborating the conclusion, and further refines the temporal characteristics of the lagged effects. As latitude increases, the lag time between SST anomalies and meridional water transport anomalies also increases. From 24°S to 33°S, the absolute value of the correlation coefficient increases with latitude, reaching a maximum value of 0.531 at 33°S, with a lag time of 3 months. However, as latitude continues to increase, the lag time extends, and the absolute value of the correlation coefficient gradually decreases, reaching a lag time of 4 months and a correlation coefficient of 0.381 at 39°S.




Figure 11 | Lead-lag correlation between monthly SST anomalies at the cross-section (22°S, 75°W~105°W) and meridional wave-induced water transport anomalies across different latitudes in the Pacific cold tongue region.




Table 1 | Maximum absolute values of the lead-lag correlation coefficients between monthly SST anomalies in the Pacific cold tongue region (22°S, 75°W~105°W) and monthly meridional wave transport anomalies across different latitude sections, along with corresponding lag times.



To explore the cooling effects of meridional water transport across different latitudes on SST in the cold tongue region, the spatial distribution of the regression coefficients between meridional water transport through latitude sections from 30°S to 38°S and SST in the cold tongue region was plotted (only showing regions statistically significant over the 95% confidence level). As shown in Figure 12, the regression analysis of meridional transport at different latitudes which are at south of the cold tongue and SST in the cold tongue region indicates that the regression coefficients are all negative, meaning that meridional water transport at different latitudes has a cooling effect on SST at all locations within the cold tongue region. The larger absolute value of the regression coefficient, the stronger contribution of meridional water transport to SST cooling at that location. As latitude increases, the effect of meridional transport on SST gradually shifts southward. This also corresponds to the results shown in Figure 11, where the influence of wave-driven transport across a given latitude on the cold tongue SST gradually diminishes with increasing latitude. The strongest cooling effect of meridional transport on SST occurs along the northeastern boundary of the cold tongue region, where the isotherms are more notably slanted than in other regions. The cooling effect of meridional transport results in significantly lower SST in this region compared to other areas at the same latitude, and the maximum SST difference at the same latitude in this region is approximately 6~7°C. According to the spatial distribution of wave transport, it is evident that along the eastern boundary of the cold tongue region, both northward and westward water transports are relatively large. As it shown in Figure 2, both of meridional and zonal SD present a negative correlation with SST. Therefore, due to the combined effect of meridional and zonal transports, cold waters from higher latitudes accumulate westward, leading to a region in the western part of the cold tongue where the cooling effect of meridional transport is more significant, with noticeably slanted isotherms. Furthermore, within the latitude range of 30°S to 38°S, the impact of meridional transport on SST in the cold tongue region diminishes from northeast to southwest. In the cold tongue region, there is an area extending from the northwest to the southeast where the regression results cannot pass the 95% confidence test. Codron (2011) used a slab ocean model to calculate the Ekman heat transport in the ocean, revealing a heating effect in this area. This may explain why the regression relationship between SST and wave-driven water transport does not pass the 95% confidence test in this region.




Figure 12 | Spatial distribution of regression coefficients between meridional wave transport across different latitudes and SST in the Pacific cold tongue region (contour lines represent the 70-year mean SST; shaded areas indicate regions statistically significant over the 95% confidence level).






4 Discussion

Wave transport plays an important role on SST in cold tongue regions by compared with Ekman transport, and establish an explicit negative correlation exists between SST and northern water transport from higher latitudes. SST anomalies in the cold tongue region consistently lag behind anomalies in meridional water transport by approximately 3~4 months. This indicates that the northward transport of cold water effectively reduces temperatures in the region, specially, meridional water transport across different latitudinal sections from 30°S to 38°S significantly contributes to SST cooling in the cold tongue region. The extent of influence shifts southward and diminishes as latitude increases. Notably, the strongest cooling effect occurs along the northeastern coastline of the cold tongue, where SST is substantially lower than that of other areas at the same latitude. The above results indicate that northward-propagating waves originating from the high-latitude regions of the Southern Ocean exert a cooling effect on the SST in the mid- to low-latitude regions of the southeastern Pacific. This finding also corroborates the conclusion that high-latitude oceanic climate variability can influence low-latitude regions through meridional processes on short-interannual time scales (Servain et al., 1999). Li et al. (2021) demonstrated that wave-driven transport in the Southern Ocean can restore anomalous SST in tropical oceans to normal levels. Building on this research, the present study further explores the impact of northward wave-driven transport from the Southern Ocean on SST in the eastern mid- to low-latitude ocean regions, thereby enriching the understanding of the large-scale effects of wave. However, we observed that the meridional wave-induced transport in the Atlantic and Indian Oceans does not exhibit the obvious correlation with the SST in cold tongue regions as observed in the Pacific Ocean.

In the Atlantic, eastward-propagating equatorial waves extend toward the African coast, where the signal splits into two distinct poleward branches along the coastline before reflecting westward (Hormann and Brandt, 2007). Both the southward-flowing African coastal current and westward-propagating waves contribute to ocean variability in the low-latitude southeastern Atlantic. These findings explain the reasons why the results presented in Figure 7, which shows that the cooling effect of waves on SST is not particularly pronounced in low-latitude regions. Instead, statistically significant cooling effects are observed near the Southern Ocean, where topographic constraints are minimal, and waves originating from the Southern Ocean have a greater influence.

In the Indian Ocean, the presence of monsoons gives rise to a complex circulation system. The Leeuwin Current, an eastern boundary current in the Indian Ocean (Schott et al., 2009), originates in the tropics and transports warm, low-salinity water southward along the coast of Western Australia (Waite et al., 2007). Additionally, prevailing monsoon winds blow primarily northwestward over the eastern Indian Ocean (Semedo et al., 2011), potentially altering the direction of wave-driven transport and preventing it from propagating along the coast. This results in the accumulation of cooling effects toward the central ocean, consistent with the pattern observed in Figure 8.

Due to the complex oceanic processes in these two basins, we cannot directly apply the research methodology used for the Pacific cold tongue, and thus, the results are not presented in this paper. However, this does not imply that wave-driven transport has no influence on cold tongue SST in the Atlantic and Indian Oceans. Based on the considerable role of wave transport in these two cold tongue regions presented in Figures 3, 4, we suppose that wave-driven transport may contribute to SST in these regions, though further investigation is required to confirm this relationship.

Our study relies on ERA5 reanalysis data. Based on this data, trends in wave transport and wind speed were analyzed and shown in Figures 5, 6. Although the results are generally consistent with previous studies (Casas-Prat et al., 2024; Liu et al., 2023a, 2024; Young et al., 2011), there are perhaps some limitations in the results obtained due to the effect of wave data assimilation in the ERA5 data (Liu et al., 2023b).

It has been proved that low-latitude climate oscillations, such as ENSO, modulates the ocean wave in Southern Ocean, through the action of atmospheric circulation (Liu et al., 2023a), and northward wave transport from Southern Ocean affect low-latitude SST anomalies (Li et al., 2021). As shown in Figure 9, the year of occurrence of the northward wave transport anomalies is associated with significant ENSO events, and after the wave transport anomaly occurred, the low-latitude SST also showed anomalous values. This seems that there is a closed loop between long-term climate variability and wave transport, also provides a new perspective that long-term climate oscillations may ultimately have an influence on cold tongue at low latitudes by influencing wave transport.

In summary, this study investigated the effect of wave-induced transport on cold tongue, highlighting a connection between wave-induced transport and the South Pacific cold tongue. These findings offer a new perspective for understanding the causes of global SST anomalies and the large-scale effects of ocean waves. Future work will quantify the impact of wave-induced transport on SST in the three major cold tongue regions using numerical models and aims to enhance the understanding of wave-induced transport effects on SST in the Pacific cold tongue region while filling the research gap concerning the Atlantic and Indian Ocean.
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