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Abstract

:

The Southern Westerly Wind (SWW) belt is one of the most important atmospheric features of the Southern Hemisphere (SH). In Patagonia, these winds control the precipitation rates at the windward side of the southern Andes, and rainfall is very sensitive to any change (strength and/or latitudinal position) in the wind belt. The present-day behavior of the SWW, also known as westerlies, is characterized by remarkable seasonality. This wind belt also varies at interannual-to-decadal time scales, associated with the influence of atmospheric phenomena such as the El Niño–Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO), respectively. Moreover, during the past few decades, the westerlies have shown an increase in their core strength influenced by changes in the Southern Annular Mode (SAM). However, what controls the long-term variability of the SWW at the high latitudes of the SH is still a matter of debate. This work statistically analyzes the influence of large-scale modes of variability, such as ENSO and PDO on the SAM and the frequency of the strong SWW from ERA5 reanalysis data of southwestern Patagonia (~51°S), where the current core of this belt is located. Our results confirm the relation between strong wind anomalies and the SAM. In addition, the temporal variations of strong winds are also significantly affected by the PDO, but there is no detectable influence of the ENSO on their frequency. This shows that future studies focused on reconstructing wind history from aeolian particles of lake sediments from southwestern Patagonia could also provide information about the modes of variability that influence strong wind frequency.
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1. Introduction


The Southern Westerly Winds (SWW) are one of the most important mid-latitude atmospheric features of the Southern Hemisphere (SH). At the global scale, these prevailing winds play a fundamental role in the carbon cycle through the exchange of CO2 between the atmosphere and the Southern Ocean (e.g., [1,2,3]). In southern South America (SSA), the westerlies are also responsible for the very high regional precipitation rates on the western side of the southern Andes (1000–7000 mm yr−1; [4]) and these precipitations are very sensitive to any change in strength or latitudinal shift of the wind belt.



The present-day behavior of the SWW is relatively well understood. The intensity, extent, and position of the wind belt change at different timescales, from seasonal to interannual. For instance, seasonal variations are characterized by a northward expansion and increased intensity during the austral winter, and a contracted state and decreased intensity during austral summer (e.g., [5]). These variations are mainly driven by changes in sea surface temperature (SST) and atmospheric temperature gradients [6] and are described by the means of the Southern Annular Mode (SAM) [7,8,9] that oscillates between negative and positive phases.



Moreover, in recent decades an intensification of the SWW strength over the Southern Ocean (SO) around Antarctica (60°–65° S), coinciding with an increase of the SAM, has been observed [4] in response to changes in stratospheric ozone and greenhouse forcing [8,10].



In addition to the SAM, the westerlies are also thought to be affected by interannual to decadal atmospheric phenomena such as the El Niño–Southern Oscillation (ENSO) (e.g., [5,11]) and the Pacific Decadal Oscillation (PDO) (e.g., [12]), respectively. Indeed, several authors have identified teleconnections between ENSO, the PDO, and the SAM, and consequently the SWW, in the modern era [5] as well as in the late Holocene [11,13]. However, in spite of this progress, little is still known about what controls the long-term variability of the wind belt at the high latitudes of the SH.



The recent work of [12] showed that the surface winds measured during the recent period in southern Patagonia (51° S) are well simulated by the reanalysis of the ECMWF (ERA5), and are characterized by a positive trend similar to that reported in the literature for much larger scales. This commonality of behavior suggested that the wind measured locally could be used as a proxy for the large-scale variations in the characteristics of the SWW. In other words, the results of this work opened the theoretical possibility of quantitatively reconstructing the history of the changes in wind intensity, based on aeolian particles retrieved in loess profiles or in sediment cores sampled from the bottom of lakes in western Patagonia. These aeolian particles are eroded by the strong winds of the area and transported towards the deposition areas. Therefore, as shown by [14] the amount and size of these particles in each lamina, they are excellent tracers of the temporal variability in the frequency of strong winds in the period covered by the cores.



The objective of this study is to explore, in depth, the strength of the teleconnections between the frequency of the regional strong winds and the larger-scale modes of variability (SAM, ENSO, and PDO) operating in the Pacific region. Indeed, in future studies a quantitative assessment of this correlation will be necessary to invert the characteristics of the lake sediment cores recently sampled in Chilean Patagonia. These cores are estimated to cover at least the last 10 ky. Therefore, this inversion would allow direct reconstruction, for the first time, of the history of the SWW since the exit of the last glacial period based on aeolian particles.



The structure of this manuscript is organized as follows. In the next section (Section 2), the study area and the climatic context, together with the methodological approach, are presented. Section 3 describes and analyses the main results, focusing on the variability of wind speed and its relation to atmospheric phenomena. The last section summarizes the main results and their implications for paleoclimate reconstructions.




2. Materials and Methods


2.1. Area of Study


By its location and extension, SSA is a key region for the study of the SWW because it is the only continental landmass that covers the entire latitudinal range of this wind belt. Particularly, the area of study is located in the vicinity of Torres del Paine National Park (Figure 1), an area of southwestern Patagonia (~51° S) that is known to be in the present-day core of this wind belt [11].



Due to the topography of Patagonia, the SWW controls the cloudiness and rainfall on the western flank of the Andes [12]. Consequently, as already mentioned above, this area is characterized by a hyper-humid climate with extremely high precipitation rates that are very sensitive to any change in strength and/or latitudinal position of this wind belt.



Southern Patagonia has several lakes of glacial origin that have recorded climatic variations for the last thousands of years (e.g., [13,15]). Lacustrine cores have been used to propose wind reconstructions based on indirect records of wind intensity, such as changes in rainfall (e.g., [16,17,18]), vegetation patterns (e.g., [19,20]), fire history (e.g., [21]), or sea spray (e.g., [22]), all of which were assumedly driven by variations in the strength and latitudinal location of the SWW. So far, although promising qualitative (e.g., [22,23,24]) and quantitative (e.g., [14]) results were obtained in other regions, there has been no direct (i.e., based on aeolian particles) reconstruction of the wind variability in Southern Patagonia. The results of the present work constitute a stepping stone for future studies whose aim will be to reconstruct the history of the SWW from the aeolian content of the sediments of a selection of western Patagonian lakes.




2.2. Available Data


The recent work by [12] evidenced the consistency between the ERA5 reanalyzed surface winds and those measured at Cerro Castillo meteorological station, located in southwestern Patagonia (~51° S; Figure 1). This means that the ERA5 products can serve as a reference for analyzing the variability of the westerly winds in the area. Their advantage is that they are available for close to 50 years, against only a few years for the measurements of the Cerro Castillo station. Thus, in this work we take the data from this reanalysis to be representative of the winds in the study area.



ERA5 is the fifth generation of atmospheric reanalysis produced by the European Centre for Medium-Range Weather Forecast Reanalysis (ECMWF). It has replaced the very popular ERA-Interim reanalysis. The ERA5 surface wind is provided at the hourly resolution, the time series extend from the year 1959 to present time, and the horizontal resolution is 0.25° × 0.25° [25]. The data used in this work were downloaded from the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/, accessed on 11 July 2022).




2.3. Quantification of the Strong Wind Anomalies


Wind erosion is a non-linear process that occurs only when wind speed is larger than the so-called erosion threshold [26], then its magnitude increases as the third power of the wind speed ([27] and references therein). Therefore, the cumulated rate of erosion in a given area is directly controlled by the frequency of the strong winds in this area.



In the present work, the quantification of this frequency relies first on the calculation of the number (Nstw) of strong winds in sliding windows of 3-month width. These strong winds are defined as those exceeding the 90th percentile (4.30 m s−1) of the hourly winds in the 1980–1989 period, arbitrarily selected as the reference. As the wind itself, Nstw follows a clear seasonal cycle with more (less) strong winds in austral summer (winter). A sinusoidal function is adjusted to represent the seasonal cycle of the reference period, and subtracting it from Nstw yields a number of ‘anomalies’ (Nanom). Positive (negative) Nanom characterize an enhancement (reduction) in the frequency of strong winds in a given period of 3 months, centered on each month of the year.



Keeping in mind that the objective of this study is to explore the possibility of reconstructing the wind history over several thousand years from the characteristics of aeolian particles found in sediment cores, and that the temporal resolution of these cores should be yearly in the best of cases, there is no point in taking the monthly and seasonal variations into account. Therefore, in our research of a correlation between Nanom and the large-scale modes of variability we will adopt a temporal resolution ranging from 1 to 9 years, which is more in keeping with the expected resolution of the sediment cores.




2.4. SAM


The Southern Annular Mode (SAM) is primarily an internal mode of climate variability that describes the north–south oscillation of the large-scale westerly wind belt in the extratropical SH (i.e., around Antarctica) [28,29,30]. The variations in the position and strength of this belt have significant impacts on the weather and climate in the SH, from the mid-latitude regions to Antarctica (for a review, see [31]), and serve to distinguish the positive (stronger winds and more poleward position of the core of the belt) and negative (weaker winds displaced toward the Equator) of the SAM [32].



The physical origin of the zonal winds in the extratropical latitudes results from the existence of a pressure gradient between the latitudes 40° (high) and 65° (low); consequently, a series of SAM indices based on the anomalies of geopotential height or pressure at sea-, or higher, levels were proposed in the literature (e.g., [7,29,33,34,35]). These indices differ in their definition, the type and source of the climate variables used to calculate them, and the time period over which they are retrieved. In their comparison of the most frequently used indices, ref [36] showed that the index proposed by [33] agreed quite well (R2 = 0.903) with the index of the National Oceanic and Atmospheric Administration (NOAA) that they had selected as their reference. Among the advantages of Marshall’s index, used to characterize the evolution of the SAM in the present study, one can cite the fact that it is: (1) based on actual observations performed at experimental stations and is, therefore, not affected by the uncertainties inherent to the pre-satellite era [33,37]; (2) available as of 1957 at the monthly resolution; (3) updated regularly by the British Antarctic Survey. The time series of the SAM index used in this work was downloaded from their website (https://www.bas.ac.uk, accessed on 4 May 2022).




2.5. ENSO and the Decadal Oscillations (IPO, PDO)


Several climate patterns involving fluctuations in the sea surface temperature (SST) have been identified in the Pacific Ocean. The most famous one is the El Niño–Southern Oscillation (ENSO), which is characterized by positive (El Niño) and negative (La Niña) phases corresponding to warm and cold anomalies of the SST, respectively, in the tropical Pacific Ocean. ENSO is usually considered to be a short-term pattern in the sense that it mainly occurs on scales of 2 to 7 years [38], and that its phases typically last only a few months. However, this variability is superimposed onto the weaker low-frequency variability of the decadal or multidecadal type [39,40,41].



A series of ENSO indices have been defined in the literature and are available for download from the website of the NOAA (https://psl.noaa.gov/data/climateindices/ (accessed on 4 May 2022)). Among these, we selected the BEST index [42] that combines the Nino 3.4 index and the Southern Oscillation Index (SOI, the pressure difference between Tahiti and Darwin). The BEST index is available at the monthly resolution as of January 1948. Its advantage is that, by incorporating the SOI, atmospheric processes which were neglected in Nino 3.4 are taken into account.



Besides ENSO, other modes of variability—also characterized by variations in the SST—have been identified in the Pacific region. However, their cycles can last several decades. This is the case for the Interdecadal Pacific Oscillation (IPO) [43,44], which is actually a tripole with a center of action in the north Pacific, one in the equatorial region, and one in the South Pacific [45]. The Pacific Decadal Oscillation (PDO) is closely related to the IPO and can be regarded as its North Pacific node [35,46]. The PDO has two phases: a positive one, during which the sea surface temperatures in the North Pacific are warmer than average; and a negative one, during which they are cooler than average. Because of this similarity with ENSO, the PDO has often been qualified as ENSO-like [47], but one first key difference between ENSO and PDO is the timescale of their oscillations. The second difference is that ENSO has a strong impact on the climate of the tropical Pacific and adjacent regions, whereas the PDO was initially considered to affect mostly the climate and ecosystems of the mid-latitude regions of the northern hemisphere, such as North America and Asia [48,49,50,51]. However, a series of more recent studies demonstrated that the PDO also has significant climate effects in the mid latitudes of the southern hemisphere, particularly in South America (e.g., [5,52,53,54]).



The PDO index of the Joint Institute for the Study of the Atmosphere and Ocean (JISAO), regularly updated and available at a monthly resolution, as of January 1900, was also downloaded from the NOAA website (https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/pdo.long.data (accessed on 4 May 2022).




2.6. Quantification of the Correlation between the Wind Speed Anomalies and the Oscillations


The common period of availability for the ERA5 products, from which Nanom is calculated, and the SAM, PDO, and ENSO indices begins in January 1959. As mentioned above, the high-frequency (monthly and seasonal) variability of these time series was filtered using sliding averages calculated over windows of increasing (1, 3. 5, 7, and 9 years) widths.



The strength of the correlation between the four time series can be quantified by the means Pearson’s coefficient of correlation (R), or its square, which is the coefficient of determination (R2). The Principal Component Analysis (PCA; [55]) can also be used to investigate the statistical links between the times series. This procedure identifies which linearly independent combinations of the 4 variables are more apt to explain the variance in the whole dataset. These combinations are called principal components (PC) or factors (F). In this work, the XLstat PCA software was used.





3. Results


3.1. Time Series of Wind Speed, SAM, ENSO, and PDO at Different Temporal Resolutions


Figure 2 displays the temporal evolution between 1959 and 2021 of the: (a) anomalies of strong winds, (b) SAM, (c) ENSO, (d) PDO indices. On each plot, the results obtained using the five different widths of moving windows are reported.



The wind speed anomalies and the SAM, ENSO, and PDO indices are all characterized by an important interannual variability that is increasingly smoothed out by averaging over durations of 3 to 9 years. This averaging makes it easier to distinguish similarities in the trends of wind anomaly variation (Figure 2a) and the SAM (Figure 2b). Both decrease from 1959 to 1968 and increase afterwards. Reconstructions of the SAM’s evolution over the last century suggest that the marked increase observed in summer after the early 1970s is unprecedented [37]; this can been attributed to external forcing resulting from the combined effects of ozone layer depletion [56,57,58] and increased greenhouse concentrations in the atmosphere [59,60].



As proposed by [12], this commonality of behavior suggests that, although defined at a large scale, the SAM index could be well correlated to the variability of the winds in western Patagonia. Conversely, the regional winds of the southern tip of South America could be a useful proxy for the SAM variations. The strength of this correlation will be quantified more precisely in the following subsection.



For ENSO (Figure 2c) and the PDO (Figure 2d), there is no significant average trend in the indices over the whole 1959–2021 period. The main difference between the two lies in the fact that the frequencies involved in the variability of the ENSO are larger than those of the PDO. Therefore, after averaging over durations of 5 years or more there is an important levelling of the temporal variability of the ENSO index, whereas a clear decadal cycle of the PDO (with maximum positive phase around 1984, and negatives ones before 1972 and around 2010) can still be observed in the 9y sliding averages.




3.2. Correlation between Wind Speed Anomalies and the Oscillations


Over the period of study, more than 750 monthly values for the strong wind anomalies, SAM, ENSO, and PDO indices averaged over 1, 3, 5, 7, and 9 years are available. The principal component analysis applied to these five time series shows that, independent of the duration of the averaging period, two factors are enough to explain 78% (1y averaging) to 92% (7 and 9y averaging) of their variability. The first factor (F1) mostly combines the anomalies and the SAM, whereas the second one (F2) associates ENSO and the PDO. This strong correlation between the anomalies and the SAM on the one hand, and ENSO and the PDO on the other, can also be illustrated by the means of Pearson’s correlation coefficient (R, Table 1). R is the largest between the strong wind anomalies and SAM (from 0.672 to 0.870 for 3 and 9 y averages, respectively). The fact that R increases with the width of the averaging window suggests that taking into account the high-frequency variability of the SAM reduces the correlation between it and the anomalies. In other words, a retrieval of the SAM variations from the times series of wind anomalies is expected to provide better results at multi-year than at yearly resolutions. The data of Table 1 also confirm that the ENSO and PDO are relatively strongly correlated (R between 0.708 and 0.725), and that this independent of the averaging duration. Conversely, with an R very close to nil, the SAM is practically insensitive to the ENSO fluctuations. Finally, in addition to the SAM, the anomalies are found to be significantly correlated to the PDO (0.368 < R < 0.553). Although much less strongly, they also seem to depend on the ENSO index, but only for averaging durations of at least 9 years (R = 0.167). These observations suggest that only the low-frequency (decadal) variability of ENSO, similar to that of the PDO, could have a significant impact on the wind anomalies in western Patagonia.




3.3. Modelling of the Wind Speed Anomalies


Figure 2a,b, and the results of Table 1, indicate that the anomalies are primarily correlated to the SAM. The simplest way of representing this correlation mathematically is by the means of a linear expression:


Nanom = N0 + aSAM



(1)







However, to account for the dependence of the number of strong wind anomalies to the PDO and, although to a lesser degree, the ENSO, Equation (1) can be completed with the addition of two linear terms representing this dependence. Finally, this leads to:


Nanom = N0 + aSAM + bPDO + cENSO



(2)







In this equation, N0 represents the average number of anomalies in a period of 3 months, should the SAM, PDO, and ENSO indices be nil in the period of study (1959–2021). N0 could be either positive or negative. Conversely, a, b, and c quantify the sensitivity of Nanom to the variations of the SAM, PDO, and ENSO, respectively. Because Nanom clearly increases with the SAM, a is expected to be positive.



In this simple model, N0 and the 3 constants a, b, and c are unknown. Their values can be obtained by the means of a least square iterative routine providing the best possible fit for Equation (2) to the actual data derived from ERA5. This adjustment can be done for the 5 widths of averaging windows already considered previously. In each case, the quality of the adjustment is denoted by R2, and by the slope and vertical intercept of the plot of the modelled Nanom against the observed ones. Finally, the interest of including or not, the corrective terms corresponding to the PDO and/or ENSO effects can be evidenced by forcing either b or c (no PDO or no ENSO effect), or both of them (no PDO and no ENSO effect) to be 0. The results of these experiments are summarized in Table 2.



The slopes closest to 1, the lowest vertical intercepts, and the largest R2 are obtained with the complete form of Equation (2), which is to say by taking the PDO and ENSO into consideration, for windows of widths above 5 years. At smaller widths, the quality of the results degrades rapidly. Indeed, the slope and R2 both become less than 0.6 for 3y of averaging and even worse (<0.3) for 1y, which explains why the latter results are not reported in Table 2.



At the 9-year resolution, the results are not significantly worse when the ENSO effect is not taken into account than when it is. For instance, the slope remains very close to 0.87, the vertical intercept to −0.07, and R2 to 0.87 when the adjustment of Equation (2) is performed with a nil c. Conversely, omitting the PDO effect by forcing b to 0 has a direct impact on these three indicators. Even at the 7 and 9-year resolutions, for which the model still yields the best results, the slope and R2 do not exceed 0.76, and the vertical intercept increases in absolute value. These tests confirm that, if the strong wind anomalies in the region of study are primarily driven by the variations of the SAM, there is also a significant effect of the PDO. More precisely, the number of strong wind anomalies tends to be larger during the positive phases of the PDO than during the negative ones, which is consistent with the positive sign of b. Conversely, the effect of ENSO on these anomalies is, at best, a second order one when the largest widths of averaging windows (7 and 9-year) are considered. For the sake of illustration, Figure 3 compares the evolutions of the 9-year anomalies modeled by Equation (2) to the ERA5 time series, when accounting for the ENSO and PDO effects or not.



Interestingly, neglecting the ENSO effect has the largest impact on the performance of the model at the smallest temporal resolutions (3 and 5 years). For instance, when setting c to 0, R2 drops by 0.06 (from 0.57 to 0.51) at the 3-year resolution, compared to the 0.01 reduction observed for the 9-year averaging.





4. Discussion


In this study, we have quantified the impact of the SAM, PDO, and ENSO variations on the number of strong wind anomalies in western Patagonia and found that this number is primarily controlled by the variations of the SAM. Evidencing this dominant effect was undoubtedly facilitated by the fact that the SAM is characterized by an important increase in the period of study (1959–2021). A simple linear model simulating the variations of Nanom from only those of the SAM yields the best results after filtering the data over several years (R2 = 0.73 and 0.76 for 7 and 9 years, respectively). This indicates that the high-frequency (interannual) variability of Nanom does not directly reflect that of the SAM.



The predictions of the linear model are significantly improved after incorporating the effects of the PDO and the ENSO. Again, the quality of the model is optimal after averaging over more than 5 years and, in this case, the ENSO effect can be neglected.



The influence of the width of the averaging windows suggests that the strong wind anomalies in the high latitudes of Chilean Patagonia are sensitive to the quasi-decadal variations of the SAM and PDO, but not directly to the interannual ones. This is consistent with the minor effect of ENSO, in which the interannual variability largely prevails. A possible explanation for this lack of sensitivity to the high-frequency variations could be that the Patagonian winds react with a delay of several weeks or months to the variations of the PDO and ENSO oscillations, and that the influence of this time lag vanishes after averaging over durations of several years.



For evidencing this teleconnection between the decadal Pacific oscillation and the Patagonian winds, we have selected the PDO index. Among the most important reasons for this choice, one can mention that the PDO is widely documented in the literature, its index is regularly updated, and some studies suggested that it could have impacts included in the high latitudes of the SH. It was beyond the scope of the current study to check this; however, because of the strong correlation tying the PDO and the IPO and the fact that they are both characterized by similar decadal variations, it is highly probable that had the PDO been replaced by the IPO in Equation (2) similarly good results would also have been obtained. In other words, Nanom appears to be a good proxy for the combination of the SAM and the decadal oscillations of the Pacific area, the latter being represented either by the PDO (as in the current study) or by the IPO.




5. Summary and Conclusions


In this study we have performed a statistical analysis of the correlation existing between the strong wind anomalies (Nanom) of the southwestern Patagonia area and various indices (SAM, PDO, ENSO) characterizing the large-scale variability of the Pacific Ocean region. After application of a multiyear (>5 years) filtering, the results confirm the existence of strong teleconnections between these anomalies and the SAM. The PDO also plays a significant role, indicating that the temporal variations in the strong winds of southwestern Patagonia reflect the decadal oscillations of the Pacific region. Conversely, ENSO has practically no detectable effect on Nanom.



Nanom increases primarily with the SAM and also during the positive phases of the PDO. When compared to the observations, the simple linear model proposed to represent the dependence of Nanom on the SAM and PDO (Equation (2)) performs quite well (R2 = 0.86, slope = 0.86). This confirms the interest of using the variations in the strong-wind anomalies of southwestern Patagonia as a quantitative proxy for much larger-scale decadal modes of variability affecting the Pacific Ocean region.



These strong winds are the main drivers of wind erosion, and their frequency is directly reflected by the characteristics (quantity and size-distribution) of the content in aeolian particles from the sediments of southwestern Patagonia lakes. Therefore, the results of this work open new avenues of investigation for the reconstruction and study of past SWW changes, as well as of the modes of variability that influenced them.
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Figure 1. Map of the study area showing the location of the Cerro Castillo meteorological station (white circle) and the corresponding grid (white rectangle) of the ERA5 reanalysis. 
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Figure 2. Temporal evolution of the: (a) anomalies of strong winds (for the unit, see Section 2.2), (b) SAM, (c) ENSO, (d) PDO. 
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Figure 3. Temporal evolution of the ERA5 strong wind anomalies (red curve) and of the anomalies yielded by Equation (2) when taking the SAM, PDO, and ENSO effects into account (cyan line). The width of the averaging window is 9 years. For the sake of comparison, the results obtained when neglecting the ENSO (magenta line), or both the PDO and ENSO (green line) effects, are also represented. The variations of the PDO are reported in blue and its values are reported on the right vertical axis. 
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Table 1. Pearson’s coefficient of correlation (R) linking the times series of the strong wind anomalies, and the PDO, ENSO, and SAM indices.
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Table 2. Results of the adjustment of Equation (2) to the ERA5 data. The indicators (slope, vertical intercept, and R2) of the quality of this adjustment can be compared to those obtained when not taking into account the ENSO (c is forced to 0), or both the PDO and the ENSO (b = c = 0). The standard deviations (sd) of the slope and vertical intercept correspond to the 95% confidence interval.
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