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Abstract

:

We present joint analysis of the UV (365 nm) images captured by the cameras on board ESA’s Venus Express and JAXA’s Akatsuki spacecraft. These observations enabled almost continuous characterization of the cloud top circulation over the longest period of time so far (2006–2021). More than 46,000 wind vectors were derived from tracking the UV cloud features and revealed changes in the atmospheric circulation with the period of 12.5 ± 0.5 years. The zonal wind component is characterized by an annual mean of −98.6 ± 1.3 m/s and an amplitude of 10.0 ± 1.6 m/s. The mean meridional wind velocity is −2.3 ± 0.2 m/s and has an amplitude of 3.4 ± 0.3 m/s. Plausible physical explanations of the periodicity include both internal processes and external forcing. Both missions observed periodical changes in the UV albedo correlated with the circulation variability. This could result in acceleration or deceleration of the winds due to modulation of the deposition of the radiative energy in the clouds. The circulation can be also affected by the solar cycle that has a period of approximately 11 years with a large degree of deviation from the mean. The solar cycle correlated with the wind observations can probably influence both the radiative balance and chemistry of the mesosphere. The discovered periodicity in the cloud top circulation of Venus, and especially its similarity with the solar cycle, is strongly relevant to the study of exoplanets in systems with variable “suns”.
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1. Introduction


The dense atmosphere of Venus, with its thick cloud layer and vivid circulation, presents a remarkable example of a complex system with multiple chemical and dynamical couplings affected by external forcings, the behavior of which is not yet fully understood. Decades-long wind measurements by tracking cloud motions in ultraviolet (UV) images established a general picture of the circulation at the cloud top (~70 km) [1]. The observations revealed various waves and variabilities at different spatial and temporal scales. In particular, the Pioneer Venus Orbiter (PVO) UV imaging indicated that the Venusian atmosphere at the cloud top vacillates on a time scale of 5–10 years between two distinct dynamical states differing in zonal wind speed and appearance of planetary waves [2]. This was a tentative indication of a long-term periodicity. However, the data set was limited by the relatively short duration (1979–1986) of the mission.



The Venus Express/ESA [3,4] and Akatsuki/JAXA [5] spacecraft provided the longest-to-date and almost continuous set of UV (365 nm) images of Venus. Khatuntsev et al. [6] and Kouyama et al. [7] analyzed the UV images captured by the Venus Monitoring Camera (VMC) in 2006 through 2012 [8,9]. They reported a gradual increase from 85 m/s to ~110 m/s of the zonal wind speed at the cloud top (70 ± 2 km) in equatorial latitudes 20 ± 2.5 °S. Bertaux et al. [10] explained this trend by the influence of the surface topography on the cloud top circulation, suggesting that gravity waves generated by Aphrodite Terra, the largest highland province in the equatorial region, decelerated the retrograde flow. In December 2015, approximately one year after completion of the Venus Express mission, the Akatsuki spacecraft began observations that extended the circulation monitoring. The highly elliptical equatorial orbit of Akatsuki allowed for comparison of the circulation in both hemispheres. Horinouchi et al. [11] reported low-latitude zonal winds obtained from UV images (283 nm and 365 nm) captured by the UVI camera on board the Akatsuki orbiter from December 2015 to March 2017.



The Venus Express and Akatsuki observations revealed significant long-term variations of the cloud morphology and planet brightness. McGouldrick and Tsang [12] found a 150-day period in the Venusian condensational clouds. Lee et al. [13] reported changes in the UV albedo in the range of 0.25–0.4 on a time scale of approximately a decade. We note here that according to Shalygina et al. [14], one cannot exclude that these variations can be partially attributed to the temporal degradation of the VMC’s detector sensitivity. Pioneer Venus and Venus Express spectroscopic observations also suggested remarkably strong, approximately an order of magnitude, annual variations of abundance of sulfur dioxide, the major cloud forming specie, above the cloud top [15]. Based on the combination of ground based and spacecraft IR observations from 1978 to 2017, Peralta et al. [16] reported long-term variations in the winds in the nightside lower clouds of Venus.



In this paper, we present the long-term variations of both zonal and meridional components of the cloud top winds. For the first time, we jointly analyze the wind fields derived from the VMC/Venus Express and UVI/Akatsuki UV cameras using the same digital cloud-tracking technique that resulted in the longest-to-date and almost continuous temporal coverage of approximately 24 Venusian years (2006–2021). To focus the study on the long-term changes and exclude the influence of spatial and local time variations, we limited the latitude range to 20 ± 2.5 °S and local time to 11–13 h. More than 46,000 wind vectors were derived from the VMC and UVI images using the digital cloud tracking technique developed by Khatuntsev et al. [6] and described by Patsaeva et al. [17], enabling intercomparison of the results obtained by both cameras.




2. VMC and UVI Data Sets


In this work, we used two datasets of UV images captured by the VMC/Venus Express (2006–2014) and UVI/Akatsuki (2015-present) cameras.



The first dataset includes VMC dayside images [8,9] taken at 365 ± 40 nm. The VMC operated on board the Venus Express spacecraft, which had a highly elliptical polar orbit with an apocenter altitude of 63000 km above the southern pole and a pericenter altitude of approximately 250 km above the northern pole, and an orbital period of 24 h [4]. This orbit limited the observations usable for the wind measurements to the Southern hemisphere.



Analysis of the image pairs separated by long enough time intervals (30 min–2 h) allowed us to measure velocities of displacement of cloud features. An automated digital procedure was used to process the cloud images [6,17,18]. The analyzed data consisted of images taken from the ascending branch of the orbit at 63,000 km to ~12,000 km distance to Venus at a spatial resolution of 50 km/pixel to 10 km/pixel correspondingly.



The second dataset of wind vectors was derived from the images of the Ultraviolet Imager (UVI) camera [19] on board the Akatsuki orbiter [5]. Out of two bands of the UVI/Akatsuki camera (283 nm and 365 nm), we used the second one for consistency with the VMC/Venus Express observations. Since December 2015, the Akatsuki spacecraft has been operating on a highly elliptical equatorial orbit around Venus (less than 10° inclination) with an orbital period of 10.5 Earth days. This orbit allowed comparison of the wind fields in both hemispheres. The spatial resolution of the UVI images used in this analysis ranges from ~78 km/pixel for images close to the apocenter (~375,000 km) to 13 km/pixel at a distance of ~65,000 km, at which the observed Venusian disk has maximal size. The dayside calibrated images (365 nm) were taken from the version VCO-V-UVI-3-CDR [20], with the corresponding level 3x geometry [21]. For close-up images, we made visual verification of limb fitting. The images with bad limb fitting were rejected.



We enhanced the contrast of the cloud features in UVI images in the same way it had been conducted for the infrared (IR) [22] and visible (VIS) [23] channels of the VMC due to their initially low contrast. The contrast enhancement procedure allowed for increasing the number of retrieved vectors per image pair and expanding the longitude–latitude coverage. Brightness correction of each pixel was performed according to Minnaert’s law [24,25,26] with subsequent application of a 2D-wavelet filter. RegiStax software was used to apply the 2D-wavelet filter (http://www.astronomie.be/registax/, accessed on 28 November 2022) [27,28].



The total, almost-continuous temporal coverage of data is 14.8 Earth or 24 Venusian years. Due to Venus Express’ orbital particularities, the observations are naturally grouped into Venusian years (or observation seasons; for more details, see [6]). The final VMC dataset contains the orbits that provide coverage of the equatorial latitudes. The final set of vectors (~6000) after processing approximately 420 orbits is distributed relatively evenly across the entire observation period.



UVI images were processed with the algorithm that was previously developed to analyze VMC images [6,17]. The processing of 106 orbits provided approximately 40,000 wind velocity vectors.



To summarize, in this work, we used VMC data from 19 June 2006 to 26 September 2006 and UVI data from 25 April 2016 to 28 May 2021 within 20 ± 2.5 °S around noon (11–13 h LT). The time periods and orbit numbers corresponding to each Venusian year are provided in the Supplementary Materials (SM) (see Table S1 for VMC and Table S2 for UVI).




3. Results


3.1. Variations of the Mean Wind Speed in the Southern Equatorial Latitudes


In 2006–2013, the VMC registered an increase in the mean zonal wind (see Figure 14 in [6]). Figure 1a shows the long-term variations of zonal speed within 20 ± 2.5 °S around noon (12 ± 1 h LT) from UV (365 nm) VMC/Venus Express and UVI/Akatsuki images in 2006–2021. In 2006–2014, the mean zonal velocity notably increases from 82 to 112 m/s. From early 2016 through 2020, the mean zonal wind speed decreases from 95 to 84 m/s. In 2021, the wind speed rises to 100 m/s (Figure 1a). Despite the two-year pause between VMC and UVI observations, we can assume that the mean zonal wind speed trend in the southern equatorial latitudes changes from increasing to decreasing in approximately 2013.



The mean meridional component shows similar long-term variations but of the opposite sign (Figure 1b), changing from −5 to +2 m/s in 2006–2014. Therefore, in 2013, the meridional circulation switches from poleward to slightly equatorward. Hueso et al. [29] also reported the acceleration of the zonal wind and decrease in the value of the meridional component with time from cloud feature tracking in VIRTIS-M/Venus Express UV images (360–400 nm). In 2014–2021, the mean meridional wind speed changes from −3.7 to −6.5 m/s.



Thus, both zonal and meridional cloud top wind components averaged over a Venusian year of horizontal wind show coherent variations.



To extend the wind monitoring interval by two more decades, we added the earlier observations: during the Mariner-10 flyby in 1974 (−92 m/s), by the Pioneer Venus Orbiter in 1979–1985 (−92.8–−94.2 m/s) and during the Galileo flyby in 1990 (−103.2 m/s). These measurements were included in the analysis discussed in the next section.




3.2. Long-Term Variations of the Mean Speed


We analyzed long-term variations of the time series    u i   ( t )    shown in Figure 1. We used the Lafler–Kinman method [30], which is widely applied in astronomy for detection of periodicities. The method is also referred to as the epoch folding method. For any trial period   P ′   a phase curve is created, where for every measurement    u i    made at the time    t i    a phase    φ i    is determined as the fractional part of   E =    t i  −  t 0    P ′    . Thus, for a periodical time series all measurements performed at different moments are brought together within one cycle. Then, the statistical parameter


  θ =     ∑  i     (   u i  −  u  i + 1    )   2      ∑  i     (   u i  −  u ¯   )   2     








where    u ¯  =     ∑  i   u i   N    is the average over across N measurements is calculated. According to Lafler and Kinman [30], the trial period   P ′   is close to the true period P, when parameter θ is minimal. This situation corresponds to the minimum dispersion of points in the phase plot. To analyze our data for periodicity, we used WinEfk software, which implements this method. WinEfk software is provided by V.P. Goranskij (http://www.vgoranskij.net/software/WinEFengInstruction.pdf, accessed on 28 November 2022).



Figure 2 shows a periodogram of the mean zonal speed time series (Figure 1) for the trial periods ranged between 1000 and 5000 Earth days. A strong maximum (of the θ−1 value) is detected at the frequency corresponding to the period of 4576.21 days (12.5 years). Formally, the error of the detected period is rather small. Therefore, keeping in mind the width of the periodogram peak, we assume the error to be 0.5–180 days (0.5 year).



After subtracting the phase curve corresponding to this period, the remaining series does not show any significant periods in the selected frequency range. As a result, the observation date    t i    and initial date    t 0  = 2456314.26   (   φ 0  = 0  ) are related to the period   P = 4576.21   and phase (fractional part of E) as follows:


   t i  = 2456314.26 + 4576.21 E  











The phase curves for the zonal and meridional components were calculated for the period of 4576.21 ± 180 days (12.5 ± 0.5 years) (Figure 3). The total time coverage of all the measurements was 5399.14 days (14.8 years). The phase curves were approximated by sine functions using the least-squares method. For the zonal component (Figure 3a), the amplitude was found to be 10.0 ± 1.6 m/s with the mean wind speed value of −98.6 ± 1.3 m/s. The amplitude of the meridional component (Figure 3b) was found to be 3.4 ± 0.3 m/s with the mean value of −2.3 ± 0.2 m/s. Noticeably, the dispersion of points on the phase curve for the zonal speed is higher than for the meridional one. This can be either due to morphological properties of the Venusian clouds or intrinsic variations. The cloud features used for the wind tracking have zonally elongated shapes due to the mostly zonal transport. This leads to a more precise determination of meridional displacement (see details in [6]). It is also worth noting that the approximation of the phase curves with sine functions does not mean a precisely harmonic mode of the long-term variations. This approximation is used to illustrate periodical character of the measurements in this time interval.



Figure 3a also includes mean zonal wind speed results from the previous missions, Television Photography Experiment (TPE)/Mariner-10 [31], Orbiter Cloud Photo-Polarimeter (OCPP)/Pioneer Venus [32] and Solid-State Imaging (SSI)/Galileo [33], for comparison to the VMC and UVI results. These early measurements (Table S3 in SM) fit remarkably well in the period and amplitude of the periodical variations derived in this work, thus tentatively indicating that the periodicity has existed for at least 50 years.



The plots similar to Figure 3 for the trial periods of 13.00, 12.53, 12.00 and 11.00 years are presented in the Supplementary Material (SM, Figure S2). These examples demonstrate the sensitivity of the match of the early wind measurements to the selected trial period. The measurements from the earlier missions fit the zonal wind phase curve for the 13- and 12-year period quite well. However, decreasing the trial period to 11 years results in a higher dispersion and the mismatch with OCPP/Pioneer Venus measurements becomes critically large. This is where we can see the strong difference between 12–13 years and 11 years due to the much longer time scale.



Thus, the long-term variations of the mean zonal and the meridional wind speed in the upper cloud show periodical behavior within the period of 12.5 ± 0.5 years.





4. Discussion


The observed periodicity of the cloud top circulation can be driven either by an internal vacillation of the atmosphere, the nature of which is still unknown, or be caused by external forcing. In this section, we discuss other observations that correlate with variations of the cloud top winds and try to outline possible external mechanisms affecting the cloud top circulation.



4.1. Anti-Correlation of the Cloud Top Wind Field and UV Albedo


Figure 1 shows long-term variations of the mean zonal and meridional wind speed at 20 ± 2.5 °S around local noon (LT = 11–13 h) derived from the VMC/ Venus Express and UVI/ Akatsuki UV imaging. The sine approximation of phase curves suggests that the cloud top circulation vacillates within the period of 12.5 Earth years. Interestingly, the wind speed measurements performed several decades earlier by the TPE/Mariner-10, OCPP/Pioneer Venus and SSI/Galileo spacecraft fit rather well in the derived periodicity, thus tentatively suggesting that the 12.5-year period in the wind field has existed for at least several past decades.



Similar acceleration of the mean zonal wind speed by the end of the Venus Express mission was also found in the wind field derived from the VMC visible channel (513 ± 25 nm). Khatuntsev et al. [23] reported a periodic increase in the number of cloud features seen simultaneously in the UV and visible channel. This tentatively implies extension of the unknown UV absorption feature to visible wavelengths or changes in the vertical distribution of aerosols. This behavior also resulted in apparent quasi-periodic (P~3 Venusian years) variations of the difference between wind velocities measured in the UV and visible channel.



VMC/Venus Express and UVI/ Akatsuki observations during approximately 15 years indicated significant variations of the UV albedo, ranging from 0.25 to 0.4 at equatorial latitudes (0–30 °S) ([13]; see also Figure S1 in SM). Although Shalygina et al. [14] noted that the apparent trend could result from the degradation of the VMC detector sensitivity, we cannot exclude that at least part of the albedo changes are real. The observed variations in the zonal circulation and UV albedo are in remarkable anti-correlation: the smaller the UV albedo, the higher the zonal wind speed. This implies an important physical relation between the cloud level dynamics and abundance and distribution of the unknown UV absorber that strongly affects the radiative energy balance in the upper cloud [34,35]. Lee et al. [13] initially mentioned this connection and discussed its possible physical mechanisms. The general circulation modelling provided a quantitative proof of that the above-mentioned increase in the UV absorber abundance in the upper cloud layer causes acceleration of the zonal flow consistent with the VMC observations.



Contrary to the zonal circulation, the meridional poleward (north–south in the Southern hemisphere) flow decelerates and even changes its direction to equatorward by the end of the Venus Express mission (Figure 1b). The indication of the meridional flow reversal is marginal and does not affect the main result of this paper, i.e., discovery of the 12.5-year period in the cloud top circulation. We note, however, that, if confirmed, the reversal of the meridional flow at low latitudes might be interesting. A simplistic view of the meridional circulation implies equator symmetric meridional winds. However, the equatorial circulation exhibits variations with latitude, local time and altitude, thus breaking the hemispheric symmetry. There is other experimental evidence for this. For instance, the VEGA balloons that detected northward winds in both hemispheres close to the equator present another example of such an asymmetry, albeit in the middle cloud (52–53 km) [36]. Additionally, in the lower cloud level on the nightside (1.74 µm VIRTIS-M/ Venus Express), the meridional flow was shown to occasionally change direction around 7 °S [37].




4.2. Cloud Top Winds and SO2 Abundance


Sulfur dioxide abundance above the clouds exhibits strong, by an order of magnitude, spatial and temporal variations. Of special interest for this study are the long-term changes of SO2 abundance at the cloud top (~70 km) observed during the course of the Pioneer Venus and Venus Express missions [15]. Both missions detected significant variations of the SO2 abundance with the time scale of approximately 5 years in the equatorial regions. Short duration of the observation periods does not allow us to fully quantify the correlation between the cloud top winds and SO2 abundance. However, the trends that can be tentatively derived from the Pioneer Venus and Venus Express observations are not coherent. High zonal wind speeds observed by PV in the beginning of the mission (1979–1980) correspond to very high SO2 abundance, while VEX observed sulfur dioxide enhancement when the wind velocities were low (2007–2008). Thus, we could not arrive at an unambiguous conclusion about the relation between the cloud top winds and sulfur dioxide abundance. However, noteworthy is the increase in SO2 abundance from 2014 to 2019, obtained from the data of the TEXES/NASA InfraRed telescope [38], which is consistent with the decrease in zonal wind speed that we found for the same time interval.




4.3. Cloud Top Winds Periodicity and the Solar Cycle


The period of 12.5 ± 0.5 years is close to the solar magnetic activity Schwabe cycle, which on average lasts for 11 years. The VMC/Venus Express observations started in June of 2006 (Table S1), which corresponds to the end of 23rd Solar cycle (SC), with the minimum in November 2008 [39]. The maximum phase of SC 24 lasted from the end of 2011 through the beginning of 2015. Solar cycle 25 began in December 2019 [39]. The UVI/Akatsuki observation series started at the end of April 2016 (Table S2), when the maximum of SC 24 has already passed. Solar cycle 23 lasted as long as 12.48 years, while SC 24 was approximately 10.8 years long [39]. The minimum of the solar activity between SC 23 and SC 24 was relatively long, more than 3 years (Figure S1 in SM), while the minimum between SC 24 and 25 lasted less than 2 years. Taking into account the variability of the solar cycle period and its blurred boundaries, we may state that the detected value of the long-term wind speed variations of 12.5 ± 0.5 years is not considerably different from the 11 years of the solar activity cycle, variations of which may be within 10–13 years.



It seems quite probable that the long-period variations of the wind speed at the upper cloud boundary are related to the reaction of the massive Venusian atmosphere to the solar activity cycle that can either modulate the energy balance or chemistry of the upper atmosphere. The radiative energy flux varies by 1–2 W/m2 over the solar cycle, which is less than 0.1%. It is doubtful that such a tiny change in deposited solar energy could, by itself, result in significant acceleration (by ~10%) of the atmospheric circulation. A more plausible mechanism is related to enhanced photochemical production of UV absorbers in the upper atmosphere that in turn provokes deposition of additional radiative energy accelerating the circulation. To understand the nature and relation of the observed 12.5-year period to the solar cycle, observations during several solar cycles would be needed.



Venus is often considered as an exoplanet, “next door” and a laboratory for exoplanetary science (e.g., [40]). The detected relationship between the solar activity and the circulation of the massive atmosphere may be an important aspect in such investigations. Long-term periodic brightness variations of the central star may be an argument to similar variations in the atmospheric circulation of exoplanets orbiting such stars.




4.4. On the Influence of Surface Topography


Bertaux et al. [10] found that the zonal wind speed south of the equator (−5 °S … −15 °S) showed conspicuous variations from −101 m/s to −83 m/s correlated with the underlying relief of Aphrodite Terra, the largest province on the surface. This pattern was explained as the result of stationary gravity waves produced by the surface topography transferring momentum to the atmosphere and decelerating the flow.



In contrast to Bertaux et al.’s [10] investigations, in this paper, we analyze the wind measurements averaged over the period of one Venusian year. During this time, interval VMC dayside observations cover an up to 300° longitude range. Since Aphrodite Terra occupies approximately 60 degrees in longitude, the surface influence even from this large province is significantly smoothed in the annual mean zonal wind values. Most of the observed long-term trend in Figure 1a can be explained by the periodical component with the period of 12.5 years. The residual after subtracting it from the observations shows variations of less than 5 m/s. Since the study of the influence of topography on atmospheric dynamics is not the goal of the paper, we left a detailed work on this topic for the future. Figure S3c in the supplementary material shows evolution of the mean longitude observed by the VMC over the course of the mission. Comparison of panels (a) and (c) in Figure S3 shows that both weak and strong winds are observed above Aphrodite Terra, thus suggesting no strong correlation of the zonal wind velocity with the surface topography, at least in the annual mean values.





5. Conclusions


In this paper, we presented the longest almost-continuous data set so far of the zonal and meridional winds at the Venusian cloud top (~70 km) derived from the UV (365 nm) images collected by VMC/Venus Express and UVI/Akatsuki in 2006–2021. The data revealed long-term variations of both zonal and meridional wind components within a period of 12.5 ± 0.5 years. The zonal wind component is characterized by an annual mean of −98.6 ± 1.3 m/s and an amplitude of 10.0 ± 1.6 m/s. The mean meridional wind velocity is −2.3 ± 0.2 m/s and has an amplitude of 3.4 ± 0.3 m/s. The changes in the zonal and meridional components have opposite signs: acceleration of the zonal circulation is accompanied by deceleration and even reversal of the meridional poleward flow. Observations by the earlier missions (Mariner-10, Pioneer Venus and Galileo) fit rather well in the derived periodicity, tentatively suggesting that the 12.5-year period has existed for at least several past decades.



The observed periodicity of the cloud top circulation can be driven either by an internal vacillation of the atmosphere of a still-unknown nature or caused by an external forcing. Simultaneous monitoring of the UV albedo showed coherent changes of the UV albedo ([13]; see also Figure S1c in SM): the lower the UV albedo, the stronger the cloud top zonal winds. This anticorrelation points to a physically sensible explanation linked to the radiative energy deposition in the upper cloud. Low UV albedo resulting from increased abundance of the unknown UV absorber leads to a larger energy deposition that intensifies the circulation. This link was quantitively confirmed by the general circulation modelling [13]. SO2 abundance also demonstrates strong long-term variations [15]. However, we could not arrive at an unambiguous conclusion about the relation between the cloud top winds and sulfur dioxide abundance. In this paper, we analyzed the wind measurements averaged over the period of one Venusian year. During this time interval, VMC dayside observations cover an up to 300° longitude range, thus strongly smoothing surface influence in the annual means in contrast to the investigation by Bertaux et al. [10]. Most of the observed long-term trend in Figure 1a can be explained by the periodical component within the period of 12.5 years. The residual after subtracting it from the observations shows variations of less than 5 m/s. Since the study of the influence of topography on atmospheric dynamics is not the goal of the paper, we left a detailed work on this topic for the future.



The discovered trend in the cloud top circulation correlates rather well with the solar activity cycle (SM, Figure S1). We note that the solar cycle period varies between 10.8 years and 12.5 years, which does not exactly match the observed circulation periodicity. The solar activity can modulate the energy balance or chemistry of the upper atmosphere. The radiative energy flux changes by 1–2 W/m2 during the solar cycle that casts doubts about its ability to significantly (by ~10 %) accelerate the atmospheric circulation. A more plausible mechanism could be related to enhance the photochemical production of UV absorbers in the mesosphere that could, in turn, provoke deposition of additional radiative energy accelerating the circulation.



The discovered periodicity in the cloud top circulation of Venus, and especially its correlation with the solar cycle, is strongly relevant to the study of exoplanets in systems with variable “suns”.
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Figure 1. Long-term variations of the mean zonal (a) and meridional (b) wind speed at 20 ± 2.5 °S at around noon (12 ± 1 h LT) derived from VMC/ Venus Express (blue) and UVI/ Akatsuki (red) images. Each point is the result of averaging over one Venusian year (224.7 days). Vertical red dotted lines mark sequential minima of the solar cycle #24 (Figure S1). Olive dashed lines denote sine functions approximating the measurements. Error bars correspond to 99.6% confidence interval (3·   σ   X ¯     ). Colored shaded areas correspond to the standard deviations σ. The zonal wind component is negative, indicating east–west retrograde circulation. The negative sign of the meridional speed corresponds to north–south motions. 
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Figure 2. Periodogram of the mean zonal speed time series in 20 ± 2.5 °S latitude range for the trial period range of 5000–1000 days. Red mark indicates the period of 12.5 years, corresponding to the minimum of the phase dispersion parameter θ. 
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Figure 3. Phase curves of the zonal (a) and meridional (b) components of the wind speed for the trial period of 12.5 years. Color symbols denote wind measurements by different missions. The green dashed line is the sine approximation of the phase curves. 
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