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Although the El Niño-Southern Oscillation (ENSO) affects West Antarctica via teleconnection, it is delayed by a season, because the Amundsen Sea Low (ASL) anomaly in response to the ENSO is the strongest in May. However, the process and mechanism of the delay has not been fully elucidated yet. In this study, we examined the formation of the ENSO-driven teleconnection in each month from January to May by analyzing the kinetic energy conversion and Rossby wave propagation. The flow perturbed by the ENSO gains energy from the basic state by energy conversion, but the perturbation does not reach the high latitudes until April. In May, although the ENSO intensity becomes weak, the development of the subtropical jet induces waves to propagate further south, resulting in the anticyclonic circulation anomaly over the ASL region. Numerical experiments that account for the decay of the ENSO forcing and the monthly varying basic state also indicate that the formation of the teleconnection is the strongest in May. The results reveal that the configuration of the basic state is crucial for the teleconnection in response to the ENSO to reach West Antarctica.
Keywords: ENSO teleconnection, the Amundsen Sea low (ASL), delayed impact of the ENSO, rossby wave propagation, kinetic energy conversion
1 INTRODUCTION
The El Niño-Southern Oscillation (ENSO) is the largest atmospheric variability on the interannual time scales and leads to changes in atmosphere, ocean, and even the cryosphere over West Antarctica (Yeh et al., 2018; Li et al., 2021). This climate phenomenon weakens the Amundsen Sea Low (ASL) at the positive phase via atmospheric teleconnection. The ENSO-driven ASL anomaly induces momentum transfer to the ocean over the Antarctic continental shelf and causes inflow of warm water beneath the ice shelves (Dutrieux et al., 2014; Jenkins et al., 2018). It subsequently results in basal melting of the ice shelves as well as ice mass loss, which is directly associated with the sea level rise (Holland et al., 2019). The ASL anomaly modulates the snowfall and sea ice variations in West Antarctica as well (Turner et al., 2016; Paolo et al., 2018; Meehl et al., 2019). These previously reported observations indicate that the ENSO clearly affects the West Antarctic climate through ASL modulation.
The process by which the ENSO induces the ASL anomaly does not occur simultaneously. The ENSO grows in the austral spring, has the strongest strength in summer, and decays in autumn. On the other hand, the ASL anomaly in response to the ENSO is the strongest in autumn than in summer. Thus, the occurrence of the ASL anomaly seems delayed with respect to the ENSO occurrence (Jin and Kirtman, 2010; Yiu and Maycock, 2019), and this discrepancy can be explained by the typical characteristics of the teleconnections that form differently according to the seasonal cycle. The teleconnection to high latitudes is weak in summer, whereas they are strong in autumn, winter, and spring (Webster, 1982; Ambrizzi et al., 1995; Lee et al., 2009; Lee and Jin, 2021), because the basic state in the colder seasons provides a route for the barotropic Rossby wave to propagate to high latitudes (Hoskins and Ambrizzi, 1993; Yang and Hoskins, 1996). However, the mechanism underlying the strengthening of the ENSO-related ASL anomaly in autumn, according to the gradually changing basic state from summer to autumn, is not fully elucidated. Therefore, in this study, we examined the detail process of the one-season delay by analyzing the monthly mean fields, which can help in gaining a deeper understanding of the impact of the ENSO on West Antarctica.
To demonstrate the variance in the ASL anomaly, we examined the circulation anomaly that is established over the Amundsen Sea by the barotropic Rossby wave propagating from the ENSO. Teleconnection is mainly generated by the waves horizontally propagating from the forcing region. The formation of teleconnection occurs via two processes: 1) generation and 2) propagation of the barotropic Rossby wave. The former is associated with the generation of the wave from the forcing. Immediately after the atmosphere is disturbed by the forcing, the divergent component in perturbation becomes dominant and creates the Rossby wave source by interacting with the basic state (Sardeshmukh and Hoskins, 1988; Jin and Hoskins, 1995). The Rossby wave source can be a starting point of the propagating barotropic Rossby wave. Meanwhile, in a point of view of energy, the wave develops via kinetic energy conversions (Simmons et al., 1983; Wang et al., 2022). The wave is amplified as the perturbation gains kinetic energy from the basic state. The latter, i.e., propagation of the barotropic Rossby wave, is related to the propagation of the wave to remote regions. In this process, the configuration of the basic state plays a deterministic role in developing a path for wave propagation. The wave moves through the waveguide, in which the basic zonal wind is strong and meridionally localized, while the propagation weakens at the region, where the basic zonal wind is near or less than zero (Karoly, 1983). In this study, the energy conversion phenomenon, total wavenumber, and wave activity flux were used to identify the development of the barotropic Rossby wave and recognize the wave propagating toward the south in order to examine the ENSO-induced teleconnection in West Antarctica.
2 DATA AND METHODS
2.1 Datasets
The ERA5 reanalysis monthly data, obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) for atmospheric variables, and the monthly sea surface temperature (SST) data, obtained from the Met Office Hadley Center SST dataset (HadISST) version 1.1, were used for the period from 1979 to 2019, and the linear trend was removed from the data. To subtract the ENSO-related variations from the variables, a regression analysis was conducted with the DJF-mean Niño3 index, which is calculated by averaging the SST over the domain of 150W°−90°W and 5°S−5°N and by normalizing the obtained values. To confirm the statistical significance of the regression, the two-tail Student’s t-test was performed.
2.2 Kinetic energy conversion (CK)
The barotropic perturbation gains kinetic energy from the basic state through the barotropic instability, and the energy conversion can be calculated as follows (Simmons et al., 1983):
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where [image: image] and [image: image] denote the zonal and meridional wind velocities, respectively; the overbar and prime indicate the climatological mean and anomaly, respectively. When the ENSO occurs and disturbs the atmosphere, perturbation is induced around the forcing. The interaction between the perturbed flow and the basic state generates energy conversion, which imparts energy to the barotropic Rossby wave (Wang et al., 2022).
2.3 The total wavenumber
To identify the wave propagation path, the total wavenumber is used based on the modified dispersive relationship for the barotropic Rossby wave (Li et al., 2015; Zhao et al., 2015); the total wavenumber is expressed as follows:
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where [image: image] and [image: image] are the basic zonal and meridional wind velocities, respectively, on a Mercator projection; [image: image] is the angular frequency; [image: image] and [image: image] are the zonal and meridional wavenumbers, respectively; and [image: image] and [image: image] denote the zonal and meridional gradients of the absolute vorticity, respectively. For the stationary Rossby wave, we consider the [image: image] case. The ASL anomaly occurs as a portion of the ENSO-induced global circulation anomaly with the zonal wavenumber 2–3, so initial [image: image] is given as 2. To obtain [image: image], we should solve a cubic polynomial equation of [image: image], which is driven by the dispersion relationship, as follows:
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[image: image] has up to three solutions and the negative one was used to calculate the total wavenumber. In the horizontally non-uniform basic state, [image: image] does not have the same sign with the wave group velocity explicitly, but the same sign relationship is statistically valid in most cases according to Li et al. (2019).
Thus negative value of [image: image] can be deemed to be associated with the southward propagation of the wave. The total wavenumber shows the possibility of wave propagation. The wave tends to be refracted toward the area where [image: image] is large, and its intensity decreases in the region where [image: image] or [image: image] (Karoly and Hoskins, 1982; Karoly, 1983).
2.4 Wave activity flux
The wave activity flux is used to diagnose and visualize Rossby wave propagation (Plumb, 1985), and the horizontal wave activity flux is derived as follows:
[image: image]
where, a, [image: image], [image: image], and [image: image] denote the earth radius, longitude, latitude and streamfunction respectively; the prime here is derivation from the zonal mean; and p is pressure/1,000 hPa. The wave activity flux is exhibited in figures as vector, and the direction and amplitude of arrow represent propagating direction of wave energy and its intensity, respectively.
2.5 Linear baroclinic model (LBM)
To demonstrate the ENSO-induced circulation anomaly, we used an atmospheric linear baroclinic model (LBM) with T42 horizontal and L20 vertical resolutions in sigma coordinates, which can be obtained from http://ccsr.aori.u-tokyo.ac.jp/∼lbm/sub/lbm.html. The basic state in the model is initialized with the monthly mean climatological field of the ERA5 data. To mimic the ENSO-related forcing in the model, we induced diabatic heating at 160°W and 0°N, and consistently added this diabatic heating in the temperature tendency equation as an external forcing during the integration time. The forcing has an ellipse-shape with 30° longitudinal and 20° latitudinal scales and a maximum peak around the sigma level of 0.229. The simulated field averaged over 20–30 integration days is presented here for the analysis.
3 RESULTS
To identify the delay between the ENSO and the ASL anomaly, regression maps of the SST and circulation anomalies were plotted with increasing time since austral summer in Figure 1. The ENSO-related SST anomaly has the greatest strength in December to January (DJ) and gradually weakens since February to March (FM) until Jun to July (JJ). The circulation anomaly shows the significant anticyclonic anomaly at the ASL region over West Antarctica until April to May (AM), whereas no significant anomaly in JJ is observed because of the weakened ENSO intensity. The strongest peak of the circulation anomaly appears in AM and is located further east and south, which are closer to West Antarctica (Figure 1C). It causes the one-season delayed impact of the ENSO on the climate in West Antarctica, e.g., SST (Lee et al., 2010), snowfall (Sasgen et al., 2010), atmospheric river (Wille et al., 2019), ice melting (Paolo et al., 2018; Holland et al., 2019), and sea ice (Paolo et al., 2018). Figures 2A, B show the monthly changes in the SST anomaly over the western Pacific and the circulation anomaly over the ASL region. The ENSO-related SST warming declined since December, while the ENSO-driven circulation anomaly shows the greatest intensity in May, because the circulation anomaly migrates eastward over time (Figure 2C). These results indicate that the ENSO is relevant to the May ASL anomaly.
[image: Figure 1]FIGURE 1 | Regression maps of the SST (shaded; K) and 500-hPa geopotential height (contour; intervals of 10 m) anomalies for (A) DJ, (B) FM, (C) AM and (D) JJ. The statistically significant values of the SST and geopotential height anomalies at 95% confidence level are represented by shaded and hatched areas, respectively.
[image: Figure 2]FIGURE 2 | Regression coefficients of the (A) SST anomaly (K) over the eastern Pacific region (160°W–70°W, 15°S–15°N) and (B) 500-hPa geopotential height anomaly (m) over the Amundsen Sea region (100°W–60°W, 80°S–60°S). The red dot represents the statistically significant value at 95% confidence level. (C) Horizontal distribution of the ENSO-driven anticyclonic circulation anomaly near the Amundsen Sea in each month from January to May. The contour is 20 m of the 500-hPa geopotential height anomaly in the regression map. The inside dot and its size denote the location of the center and relative intensity of the circulation anomaly, respectively. The colors represent each month (defined in the legend).
Previous studies were focused on the investigation of the ENSO teleconnection in the coldest and warmest season to understand seasonality in the teleconnection (Yiu and Maycock, 2019; Yiu and Maycock, 2020; Wang et al., 2022). The teleconnection is strong in austral winter than in summer, but the ENSO rarely exists in winter (Figure 1D). Thus, examining the teleconnection in autumn, when the ENSO-related SST remains, is more practical. Autumn exhibits the relatively weaker basic state than winter. The subtropical jet occurs in autumn and grows until winter, and in particular, the intensity of the subtropical jet exceeds that of the polar jet in May.
To understand the intensification of the circulation anomaly, we investigated the monthly calculated energy conversion as shown in Figure 3. Here, it should be noted that the effect manifests as a change in the next month, because CK is the tendency. In January, the strong positive CK anomaly is observed near the central South Pacific (Figure 3A). It moves eastward until April (Figures 3B–D) and disappears in May (Figure 3E). This eastward shift is likely to induce the eastward migration of the ASL anomaly. Among the terms on the right-hand side of Eq. 1, the dominant component in the CK generation is advection of the climatological zonal wind due to the zonal wind flux induced by the zonal wind anomaly ([image: image] (Figure 3F). Particularly, the zonal gradient of the climatological zonal wind ([image: image]) is largely responsible for the generation of the advection, as evident from the similar patterns in both time-longitude sections (Figures 3F, G). In the climatological zonal wind, the subtropical jet appears in April (Figures 3D, G) and plays an important role in the generation of the gradient term in this month. This result suggests that the ENSO-induced energy conversion emerges with respect to the basic state.
[image: Figure 3]FIGURE 3 | Regression maps of CK (shaded at 95% confidence level; m2 s–3) and [image: image] (contour; 30 m s–1) at 250 hPa in each month from (A–E) January to May. (F,G) Regressions of CK (shaded in F; m2 s–3), [image: image] (contour in F; m2 s–3), [image: image] (shaded in G; m s–1), and [image: image] (contour in G; s–1), which are meridionally averaged over 40°S–20°S at 250 hPa.
The barotropic Rossby wave driven by the ENSO obtains energy by the energy conversion in all months, but the perturbation reach at West Antarctica in May. To understand the reason, we analyzed the total wavenumber calculated from the modified dispersive relationship, and the corresponding results are displayed in Figure 4. Eq. 2 considers the effect of the meridional basic wind (Li et al., 2015; Zhao et al., 2015), which is neglected in the classical equation. The total wavenumber in the classical equation does not account for the wave propagation at the tropical easterly region ([image: image]) (Karoly, 1983; Lee et al., 2009). However, in the modified one, wave propagation in the region becomes possible because of the meridional basic wind. The total wavenumber is divided into of the positive and negative meridional wavenumbers; only the latter is marked in Figure 4. In January to March, the total wavenumber is not meridionally localized in the mid and high latitudes (Figures 4A–C), implying that no preferred wave-propagation direction exists in these months. However, the area with negative [image: image] expands up to 20°S with the occurrence of the subtropical jet in April (Figure 4D), and the meridionally localized total wavenumber appears near the central South Pacific (near 120°W) in May as the jet strengthens (Figure 4E). This shows that May provides the path for the wave to propagate further south. Moreover, a region with no value of the total wavenumber starts appearing in the east of New Zealand from February. This region is known as the reflecting latitude, which reflects the propagating wave and changes the meridional direction of the wave (Hoskins and Ambrizzi, 1993; Ambrizzi et al., 1995). The latitude extends to 110°W (exit of the jet) in May and induces an eastward wave propagation by trapping the wave in the mid latitudes. As a result, the wave effectively reaches West Antarctica in May. The actual wave propagation is identified in the wave activity flux which is useful to visualize the wave energy propagation (Figures 4F–J). The wave activity flux shows that most waves in the south Pacific propagate northward in January to April (although about half of them in February move southward but do not reach Antarctica), whereas waves in May propagate southward and arrive at West Antarctica.
[image: Figure 4]FIGURE 4 | The total wavenumber (shaded, units of a−1, where a is the radius of the earth) at 250 hPa for the zonal wavenumber 2 and for the negative meridional wavenumber in each month from (A–E) January to May (left panels). The contour represents the 250-hPa climatological zonal wind velocity (m s–1), and the 0 and 30 m s–1 wind are represented by thin and thick lines, respectively. Regression maps of the 500-hPa geopotential height anomaly (contour, intervals of 20 m) and corresponding 250-hPa wave activity flux (vector, m2 s–2, less than 0.01 m2 s–2 is not drawn) from (F–J) January to May (right panels).
Additionally, numerical experiments using LBM were conducted to demonstrate that the formation of the teleconnection is the strongest in May. Considering the practical decay of the ENSO, the diabatic forcing was given with varied intensity (Figure 5), but the horizontal and vertical shapes of the forcing were constant. The basic state corresponding each month was initiated in the experiment. Interestingly, the result shows that the simulated circulation anomaly over the Amundsen Sea is considerably weaker in January to March, when the forcing is relatively strong (Figures 6A–C), whereas it becomes much stronger in April and May, when the forcing is weak (Figures 6D, E). The wave activity flux shows that the propagating wave energy reaches the high latitudes in May, indicating that the basic state is more important for the formation of teleconnections than the forcing intensity. Meanwhile, the experiments do not capture the eastward migration of the ASL anomaly seen in observation, and the anomaly appears relatively strong in April and May. It may be due to employing the unrealistic forcing, since features of the forcing, e.g., location and shape, can affect positioning and intensity of the teleconnection. Although this study ignored temporal change of the features for the sake of simplicity of model design, if considering them, the result could be closer to observation.
[image: Figure 5]FIGURE 5 | Vertical profile of the diabatic heating (K day–1) in sigma coordinates at the maximum location (160°W, 0°S). Considering the decaying ratio of the ENSO in Figure 2A, forcing with the intensity of 1, 0.97, 0.78, 0.66, and 0.53 times the January forcing are arbitrarily created from January to May. The heating in January to May are expressed by blue to red colors (explained in the legend).
[image: Figure 6]FIGURE 6 | Simulated geopotential height anomaly (shaded, m) at 0.5 sigma and corresponding wave activity flux (vector, m2 s–2, less than 0.01 m2 s–2 is not drawn) at 0.26 sigma in response to the tropical forcing at 160°W. Each diabatic heating shown in Figure 5 is initiated in the model with the basic state of the corresponding month. (A–E) denote from January to May, respectively, and the zonal mean was removed from the geopotential height field to clearly present the wave propagation.
4 CONCLUSION AND DISCUSSION
The findings of this study, which was focused on investigating the monthly varying teleconnections, clarify the mechanisms underlying the delayed response of the circulation anomaly over the Amundsen Sea to the ENSO. The analysis of the kinetic energy conversion reveals that the ENSO-induced perturbation continues to gain energy from the basic state as the ENSO appears. However, the propagation of the perturbation to West Antarctica is dependent on the basic state. The total wavenumber shows that in January to March, the basic state does not present a wave propagation path for southward movement of the wave. However, a path develops near the exit of the subtropical jet in May with the occurrence of jets. As a result, the perturbation arrives at the Amundsen Sea as seen in the wave activity flux, leading to the weakening of the ASL anomaly due to the developed anticyclonic circulation anomaly. Furthermore, we conducted numerical experiments, considering the decay of the ENSO over time, to confirm the prevailing teleconnection in May. It is properly reproduced in the model that the formation of the ASL anomaly is the strongest in May.
It should be noted that although we analyzed the delay effect using the summer-mean Niño index, the wave response does not occur as the energy retained from summer to May. Because the atmosphere is fluid and rapidly changes, a pulse of forcing requires only 2 weeks to move from the tropics to the high latitudes (Jin and Hoskins, 1995). If there is persistent forcing such as the ENSO, then a sequence of pulses of the forcing in time are formed, which result in a continuous response (Branstator, 2014). Therefore, the response to forcing in summer already dissipates in summer, and the response in May more likely appears due to the ENSO in this month (and probably April). Consequently, the response seems to be delayed from the peak of the ENSO.
The delay mechanism revealed in this study can greatly vary depending on the ENSO persistence and condition of the basic state. The ENSO is strongly related to the ASL anomaly in May in the present climate, but the timing can be modified if the ENSO or the basic state changes. In the future, the ENSO is expected to be stronger and longer lasting (Fredriksen et al., 2020; Hu et al., 2021; Lopez et al., 2022), and the basic zonal wind will strengthen and shift poleward in response to global warming (Fyfe and Saenko, 2006; Lorenz and DeWeaver, 2007). Thus, the impact of the ENSO on the ASL anomaly and West Antarctica is expected to appear sooner and for a longer duration in the future. However, further comprehensive studies on more details are required to understand the explicit change.
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