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Abstract

:

Gravity waves (GWs) propagate horizontally and vertically in the atmosphere. They transport energy and momentum, and therefore GWs can affect the atmospheric circulation at different altitude layers when dissipating. Thus knowledge about the occurrence of GWs is essential for Numerical Weather Prediction (NWP). However, uniform networks for covering GW measurements globally are rare, especially in the troposphere. It has been shown that an infrasound station of the International Monitoring System (IMS) infrasound network is capable of measuring GWs at the Earth’s surface. The IMS was deployed for monitoring the atmosphere to verify compliance with the Comprehensive Nuclear-Test-Ban-Treaty. In this study, the Progressive Multi-Channel Correlation Method (PMCC) is used for re-processing up to 20 years of IMS infrasound recordings in order to derive GW detections. For this purpose, two alternative PMCC configurations are discussed, covering GW frequencies equivalent to periods of between 5 min and 150 min. These detections mainly reflect sources of deep convection, particularly in the tropics. At mid-latitudes, coherent wind noise more often produces spurious detections. Combining the results of both configurations provides a global dataset of ground-based GW measurements, which enables the calculation of GW parameters. These can be used for improving NWP models.






Keywords:


International Monitoring System (IMS); infrasound; gravity waves; Comprehensive Nuclear-Test-Ban Treaty (CTBT); atmospheric dynamics; ARISE; PMCC












1. Introduction


Gravity waves (GWs) play a critical role in atmospheric dynamics as they transport energy and momentum [1]. Due to the exponential density decrease with altitude, the amplitude of a vertically-propagating wave increases. Consequently, its impact in the middle atmosphere, which comprises of the stratosphere (approximately 12–50 km) and mesosphere (50–90 km), is more significant than in the troposphere (<12 km). A breaking GW deposits its momentum to the mean flow, resulting in an alteration of the latter [2,3]. There is evidence that such modification of the middle-atmosphere dynamics impacts the tropospheric circulation [4].



Therefore, knowledge about GW sources and their magnitude is essential for numerical weather modeling [5]. However, methods for measuring GW parameters, such as the momentum flux, are rare [6], especially in the middle atmosphere [7]. On the other hand, global estimates of GW activity are often the preserve of satellite observations probing the middle atmosphere [8,9,10,11]. Ground-based observation methods—such as light detection and ranging (lidar)—provide high-resolution vertical measurements which are used to extract GW parameters at different altitudes [12], but such technologies lack temporal coverage and global distribution.



It has recently been shown that highly-sensitive infrasound sensors are additional instruments that are suitable for measuring GW activity at the surface [13,14,15,16]. Infrasound is one of the International Monitoring System (IMS) technologies that are dedicated to verifying compliance with the Comprehensive Nuclear-Test-Ban Treaty (CTBT). Sixty globally-distributed infrasound stations are planned to be part of the IMS. Out of these, currently, 51 stations (Figure 1) almost continuously measure atmospheric pressure disturbances of from 10−3 to 10 Pa.



These recordings of a particular IMS infrasound station, IS17 in Côte d’Ivoire, were used by [16] for deriving GW parameters—more precisely, they argued that only trapped GWs cause traceable pressure fluctuations at the surface. Before that study, [13] reported on infrasound-based GW observations at the same station. They used the Progressive Multi-Channel Correlation (PMCC) method [17,18] for the automatic detection of such events. The back-azimuth of the detections showed a clear correlation with the seasonal movement of the Inter-Tropical Convergence Zone (ITCZ) relative to the station. For the calculation of GW parameters, such as horizontal and vertical wavenumber, the authors of [16] combined the PMCC detection parameters and meteorological data. This allowed estimating the vertical GW momentum flux at the top of the ducting layer, which was shown for a particular event detected at IS17.



In this study, we discuss two different adaptions of the PMCC configuration for automatically detecting GWs and acoustic-GWs at infrasound stations worldwide. Based on the two proposed configurations (Section 2), the complete IMS infrasound dataset has been re-processed. Combining both processing results, which are provided in Section 3, makes a unique global dataset. It will enable the determination of GW parameters, the calculation of which was described in detail by [16]. These GW parameters will be a valuable supplement to existing global GW climatologies since they build upon ground-based measurements with a high temporal resolution. Therefore, in addition, these data can be made available in near-real time, and are of interest for civil applications such as numerical weather modelling and prediction. Specific features, and limitations of the processing—e.g., concerning detection capabilities and an adjustment towards long-period scales—are discussed in Section 4. Conclusions are drawn in Section 5.




2. Processing


Each IMS infrasound station consists of at least four microbarometers which form an array. The average array aperture is between 1 km and 3 km [19]. Each array element features a wind noise reduction system, which composes of various pipe structures connecting the inlet ports to a summing chamber. This design is supposed to filter out a large number of local wind fluctuations, including turbulent noise of higher frequencies. The PMCC algorithm has commonly been used to distinguish coherent signals from remaining noise in infrasound recordings [18,20]. The time delays between the sensors allow estimating the apparent phase velocity and direction of a passing wave, assuming it is a plane wave in the x-y-domain. Time delays are calculated by correlating the signals between the sensors.



PMCC performs cross-correlation tests in predefined frequency bands. After applying band-pass filters to the differential pressure time series, the signal is cut into time windows [17]. Cross-correlation is performed between the outputs from the different sensors, and if, for a given time and frequency, the delay times are consistent with a propagating wave front, a detection is declared—a ‘pixel’ in the time-frequency space. Each detected pixel is attributed a frequency, time, amplitude, back-azimuth, and apparent velocity. Pixels exhibiting similar wave front parameters within an evaluated time–frequency domain are clustered into families [21]; hence, the family size is a measure of the dominance of an event. The event lists contain the aforementioned wave front parameters averaged over all pixels of a family. A standard deviation is given for the back-azimuth and the apparent phase velocity; PMCC also provides the coherency and mean correlation coefficient. Those arrivals that cannot be associated with the dominant family in a given time window and frequency band are disregarded [17].



The predefined frequency bands for infrasound data commonly range from 0.01 to 5 Hz. The highest frequency of GWs is the Brunt–Väisälä frequency, which depends on temperature, humidity, and thus altitude and varies between around 10−2 Hz and 3 × 10−3 Hz. The acoustic cut-off frequency varies accordingly. The long-period spectrum, representing the GW and acoustic–GW domains, is neglected by the common PMCC configuration. Therefore the frequency bands were adjusted for this study. One of the two configurations being discussed emphasizes very low periods, down to 1 min; the upper period limit is 20 min. The second configuration covers a broader period scale, ranging from 15 min to 150 min. The logarithmically-spaced frequency bands and the corresponding window lengths are shown in Figure 2.



Using the PMCC version 4.4 and the configurations given in Figure 2, the entire infrasound data set—i.e., differential pressure—was re-processed. For each detection family, the Fisher ratio (F) was additionally obtained, using the F-detector [22,23]. The F-detector compares the variance of background noise plus the coherent signal with the variance of noise only; hence, F equals one for uncorrelated noise; whereas F exceeds one if a coherent signal is recorded. The following equation relates F to the signal-to-noise ratio (SNR), according to [23]:


F=Narray×SNR2+1



(1)




where Narray is the number of array elements contributing to the analysis. Equation (1) allows the use of F for filtering the detections concerning significance. The authors of [24] statistically tested that a recorded signal will contain a coherent signal when F > 3 with a confidence level of 99%. This threshold was therefore applied to filter the PMCC detections. Remaining infrasonic signals were also filtered out; more precisely, the upper limit of the apparent phase velocity was set to 50 m s−1. A global overview of the monthly predominant detections at each station, and examples of the seasonal variation in detections at particular stations are presented in the following section.



For classifying the results and characterizing potential sources of the detected GWs, the high-resolution monthly climatology (HRMC) lightning data set of [25] was considered since it is assumed that regions of enhanced lightning activity go along with deep convection, which is among the sources of atmospheric GWs [1,26]. The HRMC provides the mean flash rate per square kilometer and day in the middle of each month [27]. It incorporates data from two satellite-based detectors—the Optical Transient Detector and the Lightning Imaging Sensor.




3. Results


For the two processing results, global overviews of the detections, and detailed analyses of particular stations—IS33 and IS02—are shown.



3.1. A Global Dataset of Gravity Wave Detections


Figure 3 shows a comprehensive overview of the long-period GW detections at 48 certified IMS infrasound stations for the last 10 years—in particular, the mean back-azimuth (color-coded) and the number of detections (vertical scale) per month. The analogous overview of the short-period configuration is given in the Appendix A (Figure A1). This mainly differs from Figure 3 in the number of detections (three to four times), rather than the azimuthal variation.



At first glance, the majority of the detections are attributed to back-azimuths which represent the predominant tropospheric wind directions. At mid-latitudes, westerly directions (bluish and purple colors) prevail; whereas in the tropics and at high latitudes, the majority of the detections originate from easterly directions (greenish and yellow). However, a seasonal variation can be recognized at many stations, especially in the tropical latitudes.



At IS17, for instance, arrivals from the north are characteristic in the Northern Hemisphere summer; whereas eastern directions prevail in the remaining of the year. As reported in [13], this seasonal variation is associated with the ITCZ. Figure 3 indicates similar seasonal variabilities at a couple of further stations, of which IS32 (Kenya) and IS33 (Madagascar) are analyzed in more detail below (Section 3.2). In addition, the mid-latitude station detections of IS02 (Argentina) are focused on (Section 3.3).



It is noted that IS21 on the Marquesas Islands in the Pacific Ocean exhibits only slightly varying back-azimuths between easterly and southeasterly directions; whereas at the closest station, IS24 (Tahiti), the back-azimuths significantly vary throughout a year, covering almost all conceivable directions. This discrepancy can result from the different array configurations. IS21 is a four-sensor array, with three microbarometers surrounding a central one. The horizontal dimension is around 2 × 2 km. The aperture of IS24 is larger (around 3.5 × 2.2 km), with a total of five sensors, and is presumably more sensitive to the relevant spatial scales of GWs. The array response, in general, is discussed in Section 4.




3.2. Gravity Wave Detections at Tropical Stations


The infrasound station IS33 provides continuous recordings within the last 10 years, resulting in 113,046 short-period and 28,155 long-period detections. The histograms with regard to the ground-based period are shown in Figure 4. The periods at which the histograms peak—13 min and 60 min, respectively—are beyond the acoustic–GW range, so the majority of detections can be assumed to be internal GWs. Note that the intrinsic wave period can be obtained by incorporating the along-path wind. The calculation was demonstrated in [16].



Figure 5 compares the seasonal variations in detections and azimuth resulting from the two configurations at IS33. The detections are stacked over 10 years and normalized by the maximum number within this distribution. During austral summer, the majority of GW signals are detected from westerly directions. Since IS33 is located in the northeast of Madagascar, these signals can originate from the vicinity of the station, or from the mainland of the African continent. The heating of the land surfaces in the summer induces deep convection that results in increased thunderstorm activity, as indicated by the lightning maps (e.g., January) given in the Appendix A (Figure A2). In the winter, detections from northeastern directions likely represent deep convection over the Indian Ocean. For the short-period configuration, the number of detections in the winter is lower than in the summer; whereas for the long-period configuration, the maximum numbers of detections in the winter and summer, from easterly and westerly directions, respectively, equalize (Figure 5b).



This finding allows the conclusion that the GW activity is enhanced over the land masses, compared with the oceans. The difference in the number of detections from both directions at short periods could be indicative of different excitation mechanisms being captured; for instance, the rapid development of convective cells will induce GWs that differ from GWs that result from the flow over convective cells. It was stated in [1] that deep convection is complex in terms of the variety of phase velocities and intrinsic frequencies.



The variation in detections and azimuth is compared to the 10 m wind at the stations, with regard to the impression of Figure 3, according to which the monthly-mean back-azimuths of the detections followed the prevailing tropospheric wind directions. Figure 6 compares the time series of detections with the wind direction (blue) and wind speed (red) at IS33. Obviously, the detections’ azimuths correlate with the wind direction, especially detections originating from the west. At the same time, the wind speeds are at the annual minimum (around 1–2 m s−1); contrarily, detections from the east coincide with higher seasonal wind speeds (around 3–4 m s−1). In the winter, the stronger winds blowing from the ocean reduce the detection capability of the station since these cause more turbulent noise. The detection capability can also be an explanation for the reduced number of detections from the east, specifically at short periods.



Another infrasound station that shows an evident variation in the detections is IS32, which is directly located at the Equator. The direction of the arrivals (Figure 7) shifts from the east in October to the northeast in December, and back to the east until March. This variation is again well correlated with the wind direction near the surface, but also coincides with wind speeds of 2 to 4 m s−1. In June and July, detections from the northwest prevail during weak wind conditions (1 m s−1) from the south. It is also noted that the preferred direction of the detections in June and July agrees with maximum lightning activity from the northwest (Appendix A, Figure A2c). However, in December and January, the lightning maps (Appendix A, Figure A2a) would imply detections from the southwest, rather than from the northeast. Since trapped GWs can sometimes be horizontally-propagating waves [28], these either perturb the background flow or are embedded within, which is likely the case for IS32 detections in December and January.




3.3. Gravity Wave Detections near a Mid-Latitude Hotspot of Orographic GWs


Here, the detections of IS02 in southern Argentina are analyzed. These comprise 101,100 short-period and 42,828 long-period detections. The station is located in the lee of the southern Andes hotspot for orographic GWs [29,30]. The predominant direction of signals is from the west (Figure 8), which corresponds with the prevailing wind direction in the lower troposphere and near the surface (Figure 9). The relatively high cross-mountain wind speeds of around 5 m s−1 favor the excitation of GWs throughout the whole year, the majority of which propagate vertically into the middle atmosphere. However, strong GW momentum fluxes in the stratosphere have only been found in the winter season [26,30]. In the summer, the critical level causes upward-propagating GWs to break at lower altitudes due to dynamic instabilities [31,32,33].



Figure 8 shows the most GW detections during the austral summer when the wind speeds at the station (at 10 m) are higher (>5 m s−1) than in the winter (<4 m s−1). This can be an indication that trapped lee waves are detected downstream; whereas the reduced number of detections in the winter underlines that the infrasound arrays are not capable of recording stationary, upward-propagating GWs.





4. Discussion


At first sight, and for both proposed configurations, the back-azimuths of detections at mid-latitude stations reflect the prevailing westerly wind directions. The seasonal variation at IS02 implies that the detections represent horizontally-propagating lee waves downstream of the southern Andes. However, the variation of several mid-latitude stations is similar in terms of the azimuth and the number of detections, although mountain ranges are not necessarily in the vicinity of such stations (e.g., IS04 in Western Australia). A possible explanation, with regard to orographic waves, is that horizontally-propagating waves have been modeled over distances of hundreds to thousands of kilometers [34,35]. However, coherent noise due to relatively strong tropospheric winds in the mid-latitudes, compared with tropical latitudes, may be considered as another source of the detections.



The authors of [36], who used an array of four microbarographs in Southern Germany similar to the IMS stations, stated the difficulties of attributing the different pressure signatures a specific source process. Besides GWs, they identified signatures from coherent, drifting density patterns; solitary waves; fronts; and uncorrelated fluctuations due to turbulence. The latter phenomenon is assumed to be not relevant here, following from the array design and processing method (Section 2). However, coherent, drifting density structures can lead to overestimating the presence of GWs [36]. This is especially relevant at mid-latitudes (e.g., IS02) and needs to be further investigated, which is beyond the scope of this study.



The detections of the long-period PMCC configuration, which allows periods up to 150 min, show a bias towards periods of around 60 min, with only a few detections remaining between 60 min and 150 min. It is assumed that the apertures of the infrasound arrays (1–3 km) limit the GW detectability in terms of the wavelength, implying that longer wavelengths and larger-period scales are technically omitted. Figure 10 shows normalized array responses as a function of horizontal wave numbers. Since the wavelengths of GWs are in the range of a few to hundreds of kilometers [33]—i.e., the wave numbers are fractions of one—the discrimination of detections in the chosen frequency ranges is challenging, especially at IS02. Consequently, the next re-processing of the entire data set for detecting GWs should only consider specific sensors of the arrays.



Also, the infrasound sensors are primarily supposed to detect acoustic signals; hence, differential pressure fluctuations induced by waves below a frequency of 10−2 Hz are suppressed. This affects the capability of the PMCC to discriminate these waves from noise. For this reason, the need for station-specific amplitude corrections was proposed in [16].



Besides orographic GWs, the potential sources of detected GWs include jet-stream instabilities, polar fronts, geostrophic adjustment, and deep convection [1,37]. GWs caused by jet-stream instabilities would also agree with the correlation between detections and tropospheric winds. Such sources can release downward-propagating GWs, which will induce pressure fluctuations at the surface. In general, GWs induced by deep convection in tropical latitudes are characterized by short horizontal wavelengths [26] and various non-zero phase velocities [1]. As a result, the PMCC GW detections at tropical stations, such as IS17 and IS33, where the noise level is lower, well represent GWs related to deep convection of the ITCZ. However, in addition to the ITCZ, the prevailing tropospheric wind direction needs to be considered for understanding the seasonal variation in back-azimuth. Although the deep convection is presumably more intense over the continents, as shown using the lightning climatology of [25], deep convection originating over the oceans has also been detected.



A valuable application would be to use the IMS infrasound network for the localization of GW sources, based on detections by the PMCC algorithm. Comparable cross-bearing approaches have been carried out for infrasound phenomena such as microbaroms [20,38] and mountain-associated infrasound waves [39]. Due to the relation of the detected GWs to tropospheric winds, and the low phase velocities (i.e., 10% of the sound speed), it is unlikely that the IMS infrasound stations detect the same GW sources—the average distance between the stations is 2000 km [40]. Consequently, a cross-bearing approach is not promising.




5. Conclusions


Two configurations for detecting GWs using the PMCC algorithm were proposed. The monthly re-processing results of the global IMS infrasound network showed seasonal variations in the direction of origin, associated with deep convection and predominant tropospheric wind directions. For the majority of tropical IMS infrasound stations, it is concluded that GWs from convective sources are the dominant signatures since the detections follow an azimuthal variation related to deep convection. However, this study also exhibited the limitations of the processing in terms of detecting stationary GWs or GWs with periods beyond 120 min. The latter issue could be addressed in the future by carefully selecting specific sub-networks of the IMS arrays in order to maximize the array aperture. This may clarify whether the detections at mid-latitude stations originate from lee waves propagating near the surface, implying long-distance propagation, or from coherent noise such as drifting density fluctuations.



In this context, and also for detecting GWs of a larger scale, infrasound sensors within denser regional networks, such as the low-frequency array (LOFAR) in the Netherlands [41], are promising because these sensors can be combined to obtain larger apertures of tens to hundreds of kilometers. For instance, the detection of GWs with periods of 120 min to 360 min has been demonstrated within the dense USArray Transportable Array infrasound network [15], consisting of around 400 barometric sensors separated by 70 km [42]. A future intention is to equip the existing infrastructure of the Gräfenberg Array in Germany with infrasound sensors. The seismological array has an aperture of around 50 km (east–west) times 100 km (north–south) and comprises of 13 sites [43].



Nevertheless, the IMS infrasound network will play a key role since it is the only homogeneously, world-wide distributed array network which enables GW studies at all latitudes, providing data for up to 20 years. Since it has been shown that specific GW parameters, including the momentum flux, can be calculated from the PMCC detections [16], the re-processed IMS data set is worth supplementing existing GW parameter climatologies. The IMS infrasound network could thus contribute to improving the representation and parameterization of GWs in numerical weather prediction models.
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Figure A1. As Figure 3, but for the short-period configuration (1–20 min). 






Figure A1. As Figure 3, but for the short-period configuration (1–20 min).
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Figure A2. Lightning maps showing the monthly-mean flash rate in (a) January, (b) April, (c) July, and (d) October [27]. 






Figure A2. Lightning maps showing the monthly-mean flash rate in (a) January, (b) April, (c) July, and (d) October [27].
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Figure 1. The International Monitoring System (IMS) infrasound network will consist of 60 stations distributed around the globe. As of June 2019, 51 stations have been certified. 
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Figure 2. The panels show the different configurations used for running the Progressive Multi-Channel Correlation (PMCC) algorithm to detect gravity waves (GWs), (a) for frequencies corresponding to periods of 1 min to 20 min, including acoustic-GWs; whereas (b) focuses on GW detections of from 10 min to 150 min. In both cases, the consecutive time windows overlap. The time step is 10% of the window length. 
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Figure 3. Time series of PMCC detections with periods of between 10 min and 150 min (here: long-period detections, according to Figure 2b). The IMS infrasound stations are sorted from north to south; the station latitude is denoted on the right axis. Each colored box represents one month and indicates the monthly-mean back-azimuth. In the vertical, the boxes depict the number of detections (logarithmic scale from 1 to 104 detections) for each station. Gray boxes indicate missing data; whereas data are generally available when a box is white. However, in these cases, the detections were filtered out because the Fisher value (Equation (1)) was lower than the threshold. Lower Fisher values can occur, for instance, when single sensors do not provide data for any reason. 
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Figure 4. The histograms refer to the period at the maximum amplitude within each detection family, recorded at IS33. The short-period distribution (a) is centered at a period of 13 min; whereas the long-period distribution (b) peaks at around 60 min. Please note the different scaling in the number of detections and the bandwidths. 
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Figure 5. Distributions of the annual detections at IS33, stacked over 10 years. The respective maximum normalizes each distribution. The number of detections was evaluated per 5 d and 30°. Both the short-period (a) and the long-period (b) configuration show similar seasonal variations. 
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Figure 6. Comparison of (a) the long-period GW detections at IS33 with (b) the wind speed and direction at the lowest model level of the high-resolution operational analysis that is produced by the Integrated Forecast System (IFS) of the European Center for Medium-Range Weather Forecasts (ECMWF). The detections were evaluated per 30 d and 30°, respectively. In (b), the time series interval is 6 h; a sliding average with a window length of 1 d was applied. The PMCC back-azimuth standard deviation of the detected events averages to 0.5° over the shown period. The average correlation coefficient of the events is 0.71 ± 0.1. 
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Figure 7. Similar to Figure 6, but for IS32 in Kenya. The database for (a) is 42,456 event detections within 10 years. The average back-azimuth standard deviation of the detected events is 1°. The PMCC correlation coefficients average to 0.79 ± 0.13. In (b), a sliding average with a window length of 1 d was applied to the ECMWF analysis. 
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Figure 8. Similar to Figure 5, but for IS02 at the southern tip of South America. (a) shows detections resulting from the short-period PMCC configuration; whereas the long-period configuration is represented in (b). 
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Figure 9. Similar to Figure 6, but for IS02 in south Argentina. The PMCC back-azimuth standard deviation of the detected events included in (a) is, on average, 0.5°. The correlation coefficients, as determined by the PMCC algorithm, average to 0.73 ± 0.1. (b) At IS02, the average wind speeds are higher than at tropical stations. 
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Figure 10. Array response of (a) the five-sensor array IS02, and (b) the four-sensor array IS33, as functions of the horizontal wave numbers (kx and ky). The response at IS02 is more blurred in the frequency range of interest, compared to IS33. 
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