

  jmse-11-01848




jmse-11-01848







J. Mar. Sci. Eng. 2023, 11(10), 1848; doi:10.3390/jmse11101848




Article



Relationship between Large-Scale Variability of North Pacific Waves and El Niño-Southern Oscillation



Xin Zhang 1, Kejian Wu 1, Rui Li 1,2,*, Shuai Zhang 3, Ruyan Zhang 4, Jin Liu 2 and Alexander V. Babanin 2





1



College of Oceanic and Atmospheric Sciences, Ocean University of China, 238 Songling Road, Qingdao 266100, China






2



Department of Infrastructure Engineering, University of Melbourne, Melbourne, VIC 3010, Australia






3



Operational Observation Section, Gongyi the Yellow River Bureau, Zhengzhou 451200, China






4



Miami College, Henan University, Kaifeng 475001, China









*



Correspondence: lirui95@stu.ouc.edu.cn







Citation: Zhang, X.; Wu, K.; Li, R.; Zhang, S.; Zhang, R.; Liu, J.; Babanin, A.V. Relationship between Large-Scale Variability of North Pacific Waves and El Niño-Southern Oscillation. J. Mar. Sci. Eng. 2023, 11, 1848. https://doi.org/10.3390/jmse11101848



Academic Editor: João Miguel Dias



Received: 9 August 2023 / Revised: 14 September 2023 / Accepted: 19 September 2023 / Published: 22 September 2023



Abstract

:

Ocean waves are crucial for driving various oceanic processes. In this study, the spatial and temporal distribution of significant wave height (SWH) in the North Pacific (NP) is analyzed using the 42-year ERA5 reanalysis dataset from European Centre for Medium-Range Weather Forecasts (ECMWF). The presence of an ENSO signal is confirmed in wave fields of the North Pacific. Furthermore, the spatial distributions of swells and wind waves are analyzed using the Empirical Orthogonal Function (EOF) method, revealing that waves can transport large-scale signals from the NP to lower latitudes through swells. In addition, our research reveals a relationship between ENSO and Stokes drift in the NP. Stokes drift contributes positively to the maintenance of stable sea surface temperatures (SSTs) by transporting more (less) water towards the equatorial Pacific during El Niño (La Niña year) years. It is further noted that during strong ENSO events, the strength of the Stokes drift anomaly intensifies accordingly, which implies a strong link between wave-induced transport and ENSO.
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1. Introduction


The effects of small-scale waves on large-scale climate are beginning to attract attention. Advances have been made by prior research, including the wave-driven effects on ocean currents [1], the input of energy from the Ekman layer [2,3,4], and the ocean heat redistribution induced by wave transport [5,6]. What is more, waves play a crucial role in sea–air momentum and heat exchange by influencing the upper mixed layer [7].



The high wave heights in the NP are concentrated in large-scale low-pressure systems, which have extensive wave energy. Previous studies have found that swells originating from the mid-latitude of the NP can be transported southeastwards to the equatorial eastern Pacific [8]. In terms of the South Pacific, waves originating from the Southern Ocean (SO) could carry the Antarctic Circumpolar Wave (ACW) signal through the swell to the low-latitude equatorial region, contributing to the cooling of El Niño [9]. Therefore, swells originating in the NP may carry signals southward to lower-latitude equatorial regions and would have an impact on the SST.



Previous works investigated the connection between ocean waves and ENSO by wave climate such as SWH, wave period and wave direction [10,11,12,13,14]. Numerous research investigations have demonstrated a robust association between Pacific waves and ENSO [9,15,16]. However, whether the NP waves have an effect on ocean climate has not been studied.



Stokes drift (SD) has a crucial role in the upper ocean momentum balance [6], and the wave transport induced by SD can affect the ocean state [17]. In mid- and high-latitude oceans, the magnitude of SD-induced water transport is comparable to wind-induced water transport [1,17,18]. Geostrophic flows typically dominate the high-latitude and equatorial western boundary currents and play an important role in energy- and mass-transport and in the regulation of global climate [19,20,21]. However, Carrasco [22] proposed that the surface SD magnitude is the same or even greater than that of geostrophic flow. Therefore, the wave transport induced by SD would have an impact on SST that cannot be ignored.



The variability of SST in the equatorial Pacific Ocean holds significant importance in the global climate. However, the mechanism of El Niño is still not fully explained so far [23]. Some studies have shown that the onset and termination of the ENSO event is linked to the development of Rossby waves and the reflection of Kelvin waves. Kelvin waves from the western Pacific eroded the thermocline structure in the central Pacific. Kelvin waves in the far-western Pacific serve as an initiation mechanism of ENSO, and also cause the termination of existing ENSO conditions in the central and eastern Pacific [24,25]. Several studies have explored variations in ENSO and its warm and cold phase changes, with particular emphasis on the analysis of climatic variables such as wind speed, temperature, pressure, and others [26,27]. However, small-scale waves have received limited attention on large-scale ocean climate [28]. Therefore, it is meaningful to establish the connection between the NP waves and ENSO from the wave perspective.



The present paper is organized as follows. Section 2 provides a concise overview of the data and methodologies employed in our study. In Section 3, the spatial and temporal characteristics of the NP wave field are revealed. Section 4 presents the relationship between the SD and ENSO, accompanied by discussions and explanations based on case studies. Section 5 and Section 6 gives a discussion and a summary.




2. Methods


The dataset utilized in this study is the European Reanalysis Project 5 (ERA5) dataset, which is obtained from the ECMWF. This dataset is the fifth-generation ECMWF reanalysis for global climate and is the most up-to-date product currently available. ERA5 is an extensive reanalysis dataset that covers the period from 1940 to the present. Its primary goal is to incorporate a wide range of upper-air and near-surface observations. Notably, it has shown remarkable improvements compared to the ERA-Interim dataset [29], as demonstrated in a recent study [30].



This research utilizes a dataset of ERA5 data spanning a period of 42 years, from 1979 to 2020, with monthly resolution. The wave parameters used in this paper from the ERA5 dataset including total swell direction, wind waves direction, total wave direction, total wave height, swell height, wind waves height, total wave period, wind wave period, swell period, zonal surface Stokes drift, meridional surface Stokes drift, zonal wind speed and meridional wind speed. The process involves collecting the average daily measurements of ocean wave data to calculate the monthly means. In our previous study [9], we employed the CERA-20C dataset at a resolution of 0.75° × 0.75° and found that modifying the spatial resolution did not affect the results. Additionally, considering the examination of global large-scale effects, the spatial resolution of 0.5° × 0.5° sufficiently accommodates our research. Thus, in this paper, the wave parameters are measured at a spatial resolution of 0.50° × 0.50°, while the wind measurements have a resolution of 0.25° × 0.25°. The method employed to distinguish between wind waves and swell is as follows [31]. To a reasonable degree of accuracy, spectral components are deemed to be influenced by wind when   1.2 × 28       u   *    /  c       cos  ⁡    θ − ∅     > 1  , the equation provided can be expressed as follows:



In the given equation,     u   *     represents the friction velocity,   c = c ( f )   represents the phase speed,   f   represents the mean frequency,   ∅   and   θ   represent the directions of wind and waves. Wind wave-induced transport and swell-induced transport can be calculated by bulk wave parameters. It can be expressed as follows [32]:


    U   p   =   ∫  − ∞   0        v   s    →  d z   =   π   H   s   2     8 T   ,  



(1)




where HS is wave height, T is mean wave period,   z   is the water depth,       v   s    →      is surface Stokes drift velocity,       U   p       is wave-induced water transport.



In addition to the parametric method, the directional spectrum can be used to obtain the surface SD. To calculate the surface SD, ERA5 offers users both the meridional and zonal components. The surface SD     u   s     can be defined using the following formula:


    u   s   =  ∬    2 g k   ω t a n h   2 k z     k F ( f , θ )   d f d θ ,  



(2)




where   g   represents the gravitational acceleration,   F ( f , θ )   represents the directional spectrum,   k   represents the wave number,   ω   represents the angular frequency. For the wave motion that is horizontally uniform and nonrotating in a vertical plane, the mathematical formulas for both the pseudo-momentum and the SD velocity are identical:


  u   z   =   u   S   *   exp  ⁡  (   z / d ) ,  



(3)




when d = 1/2k is the e-folding depth scale. The calculation of the depth-integrated water transport can be determined using the following equation:


    U   s   =   ∫  − d   0    u ( z ) d z   .  



(4)







The Fast Fourier Transform (FFT) is a classical sequence transform, a mathematical form that correlates a sequence sampled by time with the same sequence sampled by frequency, revealing the frequency component of the time series [33]. The EOF analysis method is widely used for large-scale climate data analysis, which can effectively obtain spatial and temporal characteristics [34,35,36]. The principal components (PCs) are the time series of the Empirical Orthogonal Functions (EOFs). These PCs are standardized to have a variance of one, which means that the associated EOFs represent the typical variability of the data in their original units [37].




3. North Pacific Wave Field


3.1. Spatial and Temporal Distribution of Wave Height


The high wave heights in the NP, influenced by low-pressure systems, concentrate in the mid-latitudes of the NP as shown in Figure 1a. In the NP, wave direction typically exhibits northeastward propagation at middle and high latitudes, while low latitudes are characterized by southwestward propagation. Nonetheless, it is worth noting that a northward-propagating component can be observed in the equatorial eastern Pacific. To explore the relationship between NP waves and large-scale climate phenomena, our study focused on analyzing the long-term variation of the SWH. Different latitudes have similar main periods, consisting of 10.5, 6.0, 4.7, and 3.0 years periods by using the FFT method as shown in Figure 2. Table 1 also shows the results. Notably, the main period of ENSO is 2–7 years. It is plausible that the cycles of 3.0, 4.7, and 6.0 years could be linked to ENSO signals. This finding suggests that the ENSO signal may be present in the NP wave field.



To further comprehend the spatial and temporal characteristics of the SWH field in the NP, we analyze the abnormal monthly total wave heights in the NP using the EOF method. Figure 1b,c presents the first two spatial modes of EOF separately. The variance contribution of the first mode of EOF (EOF1) is 46% and is dominated by negative anomalies, with the center of negative anomalies extending southeastward from the west coast of North America to the mid-latitudes of the NP. The spatial distribution of EOF2 is dominated by the east–west inverse phase distribution, with the center of positive anomalies dominating in the east Pacific and the center of negative anomalies dominating in the west Pacific. Additionally, the FFT of PC1 indicates the main periods are 6.0 years, 4.7 years, and 3.0 years, as shown in Table 2. This corresponds to the period of ENSO and that of abnormal monthly SWH. These findings further support the existence of ENSO signals within the wave field of the NP.



Previous studies have confirmed that ENSO events are accompanied with SST anomalies and SWH anomalies in the NP [28]. Therefore, we conduct a case analysis of the years with ENSO events. Figure 3 illustrates the distribution of the anomalous SWH in 1989 (La Niña year) and 1998 (El Niño year). In 1989, the Niño3 index was −0.66 and was 2.34 in 1998. These two years are chosen because 1989 is the strongest year of the La Niña event in the time frame of this paper, and 1998 is the strongest year of the El Niño event in the time frame of this paper. The spatial distribution of wave fields for El Niño and La Niña years demonstrates opposing phases, and the center of SWH anomalies is situated near the west coast of North America. During El Niño events, negative anomalies of Aleutian low pressure are observed, accompanied by an increase in the abnormality of sea surface wind speeds, resulting in enhanced wave heights [38]. Therefore, a positive anomaly of wave heights occurred in the North Pacific in 1998. During El Niño years, the equatorial eastern Pacific experiences an increase in SST anomaly, whereas the northeastern Pacific presents an increase in SWH anomaly, which is reversed during La Niña years.




3.2. Spatial and Temporal Distribution of Swells and Wind Waves


Ocean waves can be divided into swells and wind waves. To discern the significant impacts of wind waves and swells on a larger scale, it is imperative to acquire a comprehensive comprehension of their distinct spatial dispersion.



Wind waves originating in the mid-latitudes of the NP spread eastward as shown in Figure 1g. Part of swells propagates southward into the lower latitudes of the NP. North of 30° N, Pacific swells exhibit a northeastward propagation pattern, while manifesting a northwestward trend in the western NP. Conversely, the swells south of 30° N demonstrate a southwestern trajectory, with a northward component observed in low latitudes of the eastern NP, as depicted in Figure 1d. Generally, the SWH of swells in the NP is higher than the SWH of wind waves. This means that the overall energy of swells in the NP is greater than that of wind waves.



To understand the spatial distribution of swells and wind waves, we calculate the time series of abnormal monthly wind waves and swells in different latitudes, as illustrated in Figure 4. The anomalies of swells and wind waves are primarily concentrated within the range from −0.2 m to 0.2 m. Figure 4 show that the extreme anomalies correspond to the years 1989 and 1998, which are marked by typical La Niña and El Niño events, respectively. However, the wind wave height anomaly in 20° N latitude is not obvious in 1998. Comparison of the time series of wind waves and swell anomalies and the Niño3 index reveals that both show a positive correlation with the Niño3 index, especially the swell anomalies. Therefore, the swell height anomaly is more closely related to El Niño. This observation leads us to speculate that there could be a connection between swells and wind waves and El Niño, as well as between the NP wave field and El Niño. Then, we intend to undertake a case study of these special years to validate our hypothesis.



The northeastern Pacific swells are observed to possess a southward component as shown in Figure 1d. To gain a deeper understanding of its pattern of variation, we perform an EOF analysis of the swells and wind wave anomalies. Figure 1e,f,h,i illustrate the first two EOF spatial modes (EOF1 and EOF2) of wind waves and swells SWH anomalies. The variance contribution of EOF1 is 52% and 24%, respectively. The spatial distribution of EOF1 in Figure 1e shows that the anomalous signal of the swells could be transported southward in the NP. There is a negative anomaly center in the northeastern part of the NP, and previous studies have shown the existence of a swell pool here [38], so the southward propagation of the swell along the west coast of the United States can reach the equatorial region. EOF2 demonstrates an east–west inverse phase distribution. The center of the positive anomaly in the eastern NP increases from north to south in a meridional direction.



The wind waves’ EOF1 modes alternate with positive and negative anomalies from north to south as shown in Figure 1h. The same spatial distribution is observed in the wind wave field shown in Figure 1g. The distribution of wind wave EOF2 in space is the same as that of wind wave EOF1 as depicted in Figure 1i.




3.3. Wave-Induced Water Transport


The predominant methods of calculating wave-induced transport are currently parametric method and spectral method. In this paper, the calculation of wind wave-induced transport and swell-induced transport use the parametric method, while the spectral method uses the surface SD to calculate wave transport.



The spatial distribution of swells and wind waves, as evidenced by Figure 1d,g, reveals that their directions and height are not identical. Therefore, the wave transport induced by each also differs. With Equation (1), we calculate the meridional and zonal wave transport induced by wind waves and swells through the parametric method, as shown in Figure 5a–d. From the spatial distribution, the zonal wave transport induced by wind waves generally propagates eastward at mid-latitudes and westward at low latitudes, which is consistent with the direction of wind waves. The results indicate that the values of wave transport at mid-latitudes surpass low latitudes. The spatial distribution of the zonal wave transportation caused by swells and wind waves is roughly the same. It is worth noting that in the eastern boundary of the NP, swell-induced eastward wave transport from mid-latitudes extends to the equatorial region.



The wind wave-induced meridional wave transport propagates northward in the middle and high latitudes, and the transport values are smaller in the low latitudes, as shown in Figure 5d. Swell-induced meridional wave transport exhibits a “C”-shaped northward propagation in the north of 25° N. Swell-induced wave transport at the eastern boundary of the Pacific Ocean can be transported from the mid-latitudes of the NP to the low-latitude region. This result is consistent with that of Figure 1f. So, it would transport the cold water from higher latitudes to lower latitudes and would decrease the SST in tropical latitudes.



The total wave-induced meridional and zonal wave transport in the NP is obtained using the parameter method, as depicted in Figure 5e,f. The spatial distribution indicates that the zonal direction aligns with the wind wave-induced zonal wave transport in Figure 5c, while the meridional direction aligns with the swell-induced meridional wave transport. Based on the available data and analysis, it can be inferred that in the northern hemisphere, the zonal wind wave-induced wave transport prevails, whereas the meridional swell-induced wave transport is dominant.



The utilization of surface SD for calculating wave transport is regarded as a more precise method compared to the parametric approach [39,40]. The spatial distribution of SD-induced wave transport in the zonal and meridional surfaces of the NP, calculated by the spectral method using Equation (4), is shown in Figure 5g,h. The large values of zonal surface SD transport are located near 15° N and 45° N, with mean values greater than 1.5 m²/s. Meridionally, the overall surface SD-induced wave transport is northward north of 30° N and southward south of 30° N. Along the southern North American coast, the southward transport can extend to 40° N. This indicates that waves from higher latitudes of the NP can induce wave transport to equatorial areas.



Comparing the two methods of calculating wave transport in Figure 5e–h, the wave transport calculated by the spectral method is larger than that calculated by the parametric method. The spatial distribution of the zonal wave transport calculated by the parametric and spectral methods is basically the same, while the spatial distribution of the meridional direction has a little different. The parametric method yields large values of meridional wave transport that are mainly focused on the western NP, whereas the spectral method yields extreme values of meridional wave transport that are predominantly concentrated in the western coastline of North America.



The meridional and zonal surface SD transport anomalies are further examined through the application of the EOF method. As shown in Figure 6a,c, the positive and negative anomaly centers of EOF1 and EOF2 in the zonal SD transport alternate along the meridional direction. Conversely, the meridional SD transport anomalies alternate along the zonal direction as shown in Figure 6b,d. In the NP, the zonal SD transport anomalies are prominent in the mid-latitudes. This is similar to the distribution of wind waves anomalous EOF in Figure 1h,i. As for the EOFs with meridional SD transport, there is an anomaly center in the northeast NP, with the corresponding anomalies expanding southward. From the variance contribution shown in Figure 6, it is determined that the first two EOFs of both meridional SD transport and zonal SD transport can effectively describe their primary features, accounting for 99.9% of the total variance.





4. The Relationship between Surface Stokes Drift and ENSO


4.1. Correlation between Surface Stokes Drift and ENSO


The meridional wave transport in the South Pacific exhibits a robust association with the ENSO, while the northward wave transport originating from the South Pacific contributes favorably to the attenuation of El Niño [9,41]. Therefore, we hypothesize that the NP waves also affect El Niño during the southward propagation. We conducted a direct analysis of the relationship between SD and the Niño3 index since SD is the primary factor influencing wave transport. The Niño3 SST anomaly index is an indicator of eastern tropical Pacific El Niño conditions. It is calculated with SSTs in the box 150° W–90° W, 5° S–5 °N. The Niño3 index can be obtained from: (https://climatedataguide.ucar.edu/climate-data/nino-sst-indices-nino-12-3-34-4-oni-and-tni, accessed on 1 September 2023) [42]. Figure 7 presents the spatial distribution of the correlation coefficient between the abnormal surface SD and the Niño3 index. From the spatial distribution, the correlation coefficients of the meridional and zonal directions in the Niño3 region show an overall opposite trend, with the absolute values of the correlation coefficients being over 0.6. The results obtained from the correlation coefficient distribution of the zonal and meridional SD anomalies indicate that significant correlations exist between the wave transport anomalies and SST anomalies in the eastern equatorial Pacific. During the occurrence of El Niño, the trade winds near the equator become weaker, resulting in a decrease in the westward wave. Consequently, this leads to a positive anomaly in zonal transport. Furthermore, as depicted in Figure 7b, the meridional SD propagates towards the equator at both low latitudes in the North and South Pacific.



The correlation coefficient between the eastward and northward surface SD anomalies and the Niño3 index is 0.82 and −0.72, respectively. To further understand the correlation between ENSO and the surface SD anomaly, we select the western interface of the Niño3 region (150° W, 5° S–5° N) and compare the time series of the surface SD abnormal monthly average through this interface with the Niño3 index in the past 42 years. As shown in Figure 8a, the two variables show a high positive correlation change. When El Niño events occur, the interface is often accompanied by positive surface SD anomalies. So, there is an increase in wave transport anomalies in the eastward direction through this interface. During the period of the El Niño event, the anomalous increase in temperature was concentrated in the east–central equatorial Pacific, and the temperature change in the western equatorial Pacific was not significant. As a result, there is no anomalous change in temperature in the western Pacific, even though it is a warm pool. Thus, wave-induced transport from the western Pacific to the eastern Pacific is colder water compared with the abnormal temperature in the eastern Pacific. The SD moves eastward in the equatorial west Pacific, leading to the transportation of abnormal cold water from the equatorial western Pacific. Consequently, this movement results in a reduction of SST in the equatorial eastern Pacific, which contributes positively to the restoration of the normal SST of the equatorial eastern Pacific. The zonal wave transport may play a moderating role in the SST anomaly in the equatorial eastern Pacific. Similarly, the opposite process occurs in a La Niña year, where wave transport typically moves westward.



Then, we select the northern interface of the Niño3 region (150° W–90° W, 5° N) and compare the surface SD abnormal monthly average through this interface with the Niño3 index over the past 42 years, as shown in Figure 8b. The surface SD anomalies and the Niño3 index show a negative correlation. When El Niño years occur, the SST is abnormally high in the equatorial eastern Pacific, which causes more waves to propagate southward in the North Pacific. Then, SD transports more cold water to propagate to the equatorial region to restore the SST to normal, so the interface is often accompanied by the appearance of negative surface SD anomalies. A positive SST anomaly in the equatorial eastern Pacific results in increased southward propagation of cold water by the SD from the middle and high latitudes of the NP. This, in turn, leads to a stronger suppression of SST warming in the equatorial eastern Pacific region. Therefore, the meridional wave transport also plays a moderating role on the SST anomaly in the equatorial eastern Pacific. Similarly, during La Niña years, it usually results in a reduction of the southward cold wave transport.




4.2. Case Study


As mentioned above, the correlation between the ENSO events and the SD anomalies is evident. So, we choose two typical ENSO event years (La Niña event in 1989 and El Niño event in 1998) and the average of all ENSO events (El Niño events and La Niña events) over the study time frame and show the distribution of anomalous SD in the zonal and meridional directions in Figure 9, respectively. The spatial distribution corresponding to the La Niña events and the El Niño events shows an inverse phase distribution pattern. During an El Niño occurrence, there is a significant increase in SST within the equatorial eastern Pacific Ocean. Propagation of water transport southward along the eastern boundary of the NP occurs from the mid-latitudes and brings cold water to the equatorial region. This process would have a cooling effect on El Niño. In La Niña years, the zonal transport is westward in the mid-latitudes and eastward in the low latitudes of the NP; in El Niño years, the transport is eastward in the mid-latitudes and westward in the low latitudes. To regulate SST anomaly, waves facilitate the transportation of cold water from the equatorial western Pacific Ocean towards the east, resulting in a faster restoration of the SST to its normal temperature.





5. Discussion


In previous research [9], we discovered the presence of the ACW signal in the south Pacific Ocean wave field, which occurs within a 5-year period. This signal originates in the Southern Ocean and propagates to the lower equatorial latitudes through northward swell. Following El Niño events, there is an abnormal increase in northward wave transport in the South Pacific region. Wave transport also plays a positive role in maintaining the stability of low-latitude SST in the South Pacific by transporting more or less cold water to the tropical oceans. This paper, in combination with our previous results, highlights the occurrence of El Niño events with wave-induced cold water movement from the North Pacific towards the equator. The main focus of this paper is on the effects of meridional wave transport. In our study of the relationship between IOD and wave transport in the Indian Ocean [43], we concentrate on zonal transport. Zonal wave transport can also significantly impact the IOD. Furthermore, in the Pacific Ocean, zonal wave transport may influence different types of El Niño, such as the central and eastern types. This will be the focus of our future research plan.




6. Summary


Using the 42 years of ECMWF ERA5 reanalysis data, we find that signals of the same period as ENSO exist in the wave field in the NP. By analyzing the spatial distribution of waves in the NP, our findings indicate that waves could transport wave signals from the mid- and high-latitude regions to the low-latitude regions. This paper also investigates the relationship between SD transport and the Niño3 index. The results reveal a significant correlation between the Niño3 index and SD in the low latitudes, with absolute values of correlation coefficients >0.6. Zonally, in El Niño years (La Niña years), SD may play a significant role in transportation of water towards the western (eastern) Pacific, contributing to the regulation of SST in the equatorial region. Meridionally, in El Niño years (La Niña years), SD transports more (less) cold water southward from the mid-latitudes of the NP to regulate SST in the equatorial region.



The interaction between atmosphere and ocean is influenced by waves, which hold a significant place in affecting climate at a large scale. During the El Niño (La Niña) periods, waves can contribute positively to the preservation of sea surface temperature (SST) stability in low latitudes by facilitating the transport of increased (decreased) quantities of cold water to the tropical ocean. This phenomenon can be regarded as an essential component of the self-regulating nature of the ocean–atmosphere system. This paper undertakes a discussion and analysis of specific years, with the understanding that this exploration is preliminary in nature. Furthermore, it is important to acknowledge that the global climate represents a complex and multifaceted system, where waves constitute only a fraction of the larger framework. Describing the physical mechanisms of global climate solely based on the influence of waves is insufficient and segmentary. It is necessary to conduct detailed research from multiple perspectives to better refine and explain it. Moreover, considering the potential impacts of climate change, it is expected that both ocean waves [43] and the ENSO will undergo changes [44,45]. Understanding how their relationship will evolve in response to these changes presents an intriguing area for future research.
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Figure 1. (a) Mean significant wave height (SWH) and directions of total waves over the period 1979–2020. (b) EOF1 of abnormal SWH of total waves. (c) EOF2 of abnormal SWH of total waves. (d) Mean significant wave height (SWH) and directions of swells over the period 1979–2020. (e) EOF1 of abnormal SWH of swells. (f) EOF2 of abnormal SWH of swells. (g) Mean significant wave height (SWH) and directions of wind waves over the period 1979–2020. (h) EOF1 of abnormal SWH of wind waves. (i) EOF2 of abnormal SWH of wind waves. The explained variances of EOFs are indicated in each panel. 
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Figure 2. FFT analysis of monthly SWH anomalies along the 15° N, 25° N, 35° N and 45° N latitudes from 150° E to 135° W. 
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Figure 3. SWH abnormal monthly average of total waves in 1989 (a) and 1998 (b). 
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Figure 4. Monthly values of SWH anomalies of swells (a) and wind waves (b) in the entire NP, 20° N and 30° N and the Niño3 index (c) from 1979–2020. Where AS means abnormal swells, AWW means abnormal wind waves. 
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Figure 5. Zonal and meridional wave transports (m2/s) induced by swells (a,b), wind waves (c,d), total waves (e,f) and SD (g,h). (a–f) are based on parameter method, while (g,h) are based on spectral method. Northward and eastward transports are defined as positive. 
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Figure 6. EOF1 (a,b) and EOF2 (c,d) of zonal (a,c) and meridional (b,d) SD transport anomalies. 
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Figure 7. Correlation coefficients between zonal (a)/meridional (b) SD anomalies (detrended seasonal averages) and the Niño3 index. The red boxes represent the Niño3 region. The black lines indicate the SST anomaly contours. The black dots indicate the >99% confidence level. 
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Figure 8. Time series of eastward (a) and northward (b) surface SD abnormal monthly average (blue lines) across the western interface (150° W, 5° S–5° N) and the northern interface (150° W–90° W, 5° N)and the Niño3 index (bars) over the period 1979–2020. The red (black) bars represent El Niño (La Niña) years. 
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Figure 9. Zonal and meridional surface SD abnormal monthly average (m/s) in 1989 (a,b), 1998 (c,d), average of La Niña years (e,f) and average of El Niño year (g,h). Northward and eastward are defined as positive. 
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Table 1. The main period of the abnormal monthly average of SWH from 1979 to 2020.
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Latitude

	
Frequency (1/Month)

	
Period/(Month)

	
Period/(Year)






	
15° N

	
0.028

	
36

	
3.0




	
0.014

	
72

	
6.0




	
0.018

	
56

	
4.7




	
0.008

	
126

	
10.5




	
25° N

	
0.028

	
36

	
3.0




	
0.008

	
126

	
10.5




	
0.014

	
72

	
6.0




	
35° N

	
0.008

	
126

	
10.5




	
0.028

	
36

	
3.0




	
0.018

	
56

	
4.7




	
0.014

	
72

	
6.0




	
45° N

	
0.008

	
126

	
10.5




	
0.014

	
72

	
6.0




	
0.028

	
36

	
3.0











 





Table 2. Main periods of the abnormal total wave heights PC time series for 1979–2020.
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PC

	
Frequency (1/Month)

	
Period/(Year)






	
PC1

	
0.014

	
6.0




	
0.028

	
3.0




	
0.018

	
4.7




	
PC2

	
0.008

	
10.5




	
0.056

	
1.5




	
0.02

	
4.2
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