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Abstract

:

In the last few decades, the efforts of the scientific community to search earthquake signatures in the atmospheric, ionospheric and magnetospheric media have grown rapidly. The increasing amount of good quality data from both ground stations and satellites has allowed for the detections of anomalies with high statistical significance such as ionospheric plasma density perturbations and/or atmospheric temperature and pressure changes. However, the identification of a causal link between the observed anomalies and their possible seismic trigger has so far been prevented by difficulties in the identification of confounders (such as solar and atmospheric activity) and the lack of a global analytical lithospheric–atmospheric–magnetospheric model able to explain (and possibly forecast) any anomalous signal. In order to overcome these problems, we have performed a multi-instrument analysis of a low-latitude seismic event by using high-quality data from both ground bases and satellites and preserving their statistical significance. An earthquake (Mw = 7.2) occurred in the Caribbean region on 14 August 2021 under both solar quiet and fair weather conditions, thus proving an optimal case study to reconstruct the link between the lithosphere, atmosphere, ionosphere, and magnetosphere. The good match between the observations and novel magnetospheric–ionospheric–lithospheric coupling (M.I.L.C.) modeling of the event confirmed that the fault break generated an atmospheric gravity wave that was able to mechanically perturb the ionospheric plasma density, in turn triggering a variation in the magnetospheric field line resonance frequency.
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1. Introduction


Atmospheric, ionospheric, and magnetospheric anomalies possibly correlated with seismic activity have been attracting growing interest in the scientific community since the end of the 1990s [1,2,3,4,5]. The increasing amount of good quality data from remote sensing and in situ observations has allowed for the detection of plasma density perturbations on the occasion of large earthquakes (EQs) [6,7,8,9], suggesting that a transfer of energy between the lithosphere and the above layers of the atmosphere and ionosphere could occur during a seismic event. To date, among the hypotheses formulated to explain the lithosphere–atmosphere–ionosphere coupling (LAIC) processes, the emission and propagation of acoustic gravity waves (AGWs) appear to be the most promising. The coupling between the Earth’s surface and its overlying atmosphere, which is realized through processes that directly depend on the thermodynamic properties of both the Earth’s surface and air [10], favors the coupling between mechanical and impulsive disturbances occurring at the Earth’s surface (e.g., EQs) and the atmosphere. In such a way, vertical and horizontal ground displacements can generate AGWs by displacing the air volume above the earthquake fault (EF). While propagating upward, this air volume could induce perturbations in both the atmosphere and ionosphere [6,7,11,12,13].



Starting from such hypothesis, Piersanti et al. [14] have recently proposed a 1D analytical model of lithosphere–atmosphere–ionosphere–magnetosphere coupling (MILC), able to correctly interpret both ground and satellite observations during the main shock. According to the model, when an AGW propagates from the EF through the atmosphere [15], it could reach the ionosphere and mechanically interact with its plasma, thus creating a local instability in its distribution [14]. As a consequence, a local non-stationary electric current in the ionospheric E layer would generate electromagnetic (EM) waves that, interacting with the local magnetospheric field, would cause a variation in the eigenfrequency of the field line (FLR). The ionospheric footprint of the FLR would be located just above EF’s radial projection [16]. A schematic representation of the conceptual steps of the MILC model can be found in Piersanti et al. (see Figure 10 in [14]).



In this work, we present a detailed multi-instrumental analysis of the 14 August 2021 Haitian EQ. Starting from major EQ features and making use of MILC modeling [14], it has been possible to establish a causal link between perturbations detected in the atmosphere, ionosphere, and magnetosphere soon after the fault break.



The rest of the manuscript is organized as follows. Section 2 contains a description of the data and methods used in identifying signals of seismic origin. Section 3 shows the results obtained by investigating each atmospheric layer over the earthquake epicenter (EE). Section 4 reports the discussion, presenting the causal analysis via the direct comparison between the experimental observations and MILC model previsions. Finally, Section 5 reports the conclusions.




2. Data and Methods


In order to investigate the possible activation of the lithospheric–atmospheric–ionospheric–magnetospheric chain in concomitance with the earthquake occurrence, we first searched for the presence of AGWs in the atmosphere. Specifically, following the approach by Yang et al. [17], we used the gravity wave potential energy (EP) as a key indicator of wave activity. EP is directly related to the temperature fluctuations caused by gravity waves [18,19] and needs only one vertical temperature profile for its evaluation at a particular location and time (see e.g., [20,21]). The potential energy density, indeed, is defined as:


   E p  =  1 2     (   g N   )   2       (    T    ′      T ¯     )   2   ¯   



(1)




where g = 9.81 m/s2 is the gravitational acceleration and   N =     g d θ  /  θ d z       is the Brunt–Väisälä frequency, in which  θ  is the potential temperature and z is the altitude. T′ is the temperature fluctuation defined as   T    ′   = T −  T ¯   , where T is the observed temperature and   T ¯   is the background (or mean) temperature. According to the common vertical wavelengths of gravity waves in the stratosphere (see e.g., [22,23]), we retrieved   T ¯   employing a 2 km moving average to filter out the wave components from T. In the present investigation, T is the atmospheric temperature profile over the epicenter retrieved from ERA5, which is the 5th generation of the atmospheric reanalysis dataset released by the European Center for Medium-Range Weather Forecasts from 2017 [24]. ERA5 is a four-dimensional variational (4D-Var) data assimilation that is able to produce global and hourly temperature profiles thanks to observations and measurements from satellites, radiosondes, land stations, aircraft, dropsondes, and radars [25].



In order to check for possible ionospheric disturbances related to the earthquake occurrence, we collected and processed raw Global Navigation Satellite System (GNSS) measurements provided by 151 receivers located around the epicenter. We processed standard daily RINEX files provided by the University NAVSTAR Consortium (UNAVCO, https://www.unavco.org/ (accessed on 20 October 2022)) to obtain the calibrated vertical total electron content (vTEC) data. We performed the TEC calibration using the technique by Ciraolo et al. [26] and Cesaroni et al. [27]. This technique is able to minimize biases induced by the receiver, satellite, and local environment in which measurements were carried out, returning data that depend neither on the geometry of the GNSS constellation nor on the receivers’ network. To derive the vTEC fluctuations possibly associated with plasma waves, we used a new data analysis technique called fast iterative filtering (FIF), recently proposed by Cicone and Zhou [28] as a fast implementation of the iterative filtering (IF) method [29,30,31]. FIF is an a posteriori decomposition method for the time–frequency analysis of a nonlinear and nonstationary signal, based on the idea of using the fast Fourier transform to speed up the convolution evaluations required in the iterations of the algorithm [28]. It inherits from the (ensemble) empirical mode decomposition (EMD/EEMD) [32,33] the ability to decompose a given signal into several functions oscillating around zero plus a trend [28]. However, unlike EEMD, FIF has a stronger mathematical basis that ensures the convergence and stability of the algorithms [34]. FIF allows for a nonstationary nonlinear signal to decompose into several simple components named intrinsic mode components (IMCs), which are then analyzed separately in the time-scale or time-frequency domain via the computation of the instantaneous frequency of each component [35]. In the present investigation, vTEC data underwent FIF decomposition according to the following equation:


  v T E C ( t ) =   ∑  j = 1  m    c j  ( t ) + r ( t )    



(2)




where m is the number of the obtained IMCs; cj (t) is the generic IMC; and r (t) is the residue of the decomposition. In order to check for possible plasma waves in the ionosphere induced by the AGW, we searched for travel ionospheric disturbances with a characteristic mean period between 7 and 12 min, in agreement with the typical properties of the medium AGWs/TIDs (see e.g., [36] and references therein). Specifically, we first subtracted the trend r (t) from the original signal to obtain the vTEC fluctuations. Such fluctuations correspond to the sum of all IMCs. Finally, we selected all the IMCs with a characteristic mean period between 7 and 12 min.



With the aim of verifying whether the pressure gradient driven by the earthquake may have generated a variation in the eigenfrequency of a magnetospheric field line foot-printed at the epicenter location, we analyzed the behavior of the FLR frequency. Within this scope, we used the gradient method as described in Piersanti et al. ([14] and the references therein). To evaluate the cross-phase spectrum of the H component of the geomagnetic field, we used 1 s resolution data collected by the Kourou (KOU) and San Juan (SJG) magnetometers, which are part of the International Real-time Magnetic Observatory Network (INTERMAGNET, www.intermagnet.org (accessed on 20 October 2022)) and whose geographic and geomagnetic coordinates are reported in Table 1.



It is worth mentioning that, despite the not-ideal latitudinal distance between the two observatories, the FLR eigenfrequency behavior can be correctly assessed all the same. In fact, at low latitude, variations in the eigenfrequency of the toroidal oscillation of a given geomagnetic field line are substantially unchanged as long as the distance between the epicenter and the observatories is either lower than 20° in latitude, or lower than 25° in longitude [37].




3. Results


On 14 August 2021, the Mw 7.2 earthquake struck the Nippes department of Haiti. The epicenter was located ~125 km west of the Haitian capital Port-au-Prince at 18.43°N and 73.48°W, as shown in Figure 1.



It occurred at 12:29:08 UT at shallow depths (10.0 km depth) and was the result of oblique reverse motion along the Enriquillo-Plantain Garden fault zone, where the strike slip motion and compression between the Caribbean plate and the North America plate take place (United States Geological Survey—USGS—earthquake catalogue https://earthquake.usgs.gov/earthquakes/eventpage/us6000f65h/executive (accessed on 20 October 2022)). A more detailed description about the earthquake rupture process can be found in [38].



Figure 2 shows the atmospheric vertical profiles over the earthquake epicenter on 14 August 2021 at 12:30 UT. Specifically, from left to right, the co-seismic profiles of temperature (a), background temperature (b), temperature deviation (c), square of the Brunt–Väisälä frequency (d), and potential energy (e) are reported. As is visible from panel (a), at around 17 km, the temperature reached its absolute minimum. Concurrently, EP (e) reached its absolute maximum (green dotted line), as expected in correspondence with the tropopause [39]. At the stratopause (~40 km), the potential energy (Figure 2e) showed an additional enhancement (green dotted line) when the temperature changed rapidly with altitude (Figure 2a). In addition, several fluctuations between 10 km and 50 km occurred in the temperature deviation (Figure 2c). Specifically, five wave crests were visible (panel c, red dotted lines) at 11.0 km, 13.8 km, 23.7 km, 36.3 km, and 49.0 km (red dotted lines), suggesting the presence of two sinusoidal periods, whose corresponding vertical wavelengths were about 3 and 9 km, respectively. The EP (panel e) showed several enhancements in concomitance with fluctuations in the temperature deviation (red dotted lines). However, only two maxima in EP matched the smaller wavelength (first two red dotted lines at the bottom of Figure 2e), which suggests that there was only one AGW of about a 3 km wavelength propagating in the atmosphere.



Figure 3 shows the horizontal distribution of EP on 13 August and 14 August, respectively, at 12:30 UT, at a fixed altitude of 24 km, which corresponds to the maximum potential energy values between the tropopause (~18 km) and the stratopause (~40 km) recorded at 12:30 UT on 14 August 2021 (Figure 2e). On 13 August, a relatively calm state occurred around the epicenter (panel a), while on 14 August, a strong increase in EP (panel b) was clearly visible over the epicenter (black circle) with respect to the previous day, suggesting a wave activity around the epicenter in concomitance with the earthquake.



Figure 4 shows the maps corresponding to vTEC fluctuations recorded every 5 min between 12:35 UT and 13:20 UT on 14 August 2021. Clear plasma wave activity was visible here, since over the epicenter (black dot), a regular alternation between negative (blue) and positive (red) vTEC fluctuations occurred every 5 min starting at the moment of the earthquake, lasting for about 50 min. Such fluctuations have a characteristic mean period between 7 and 12 min, hence in agreement with the typical properties of the AGWs/TIDs [36].



Figure 5 shows the time-dependent analysis of the FLR eigenfrequency in a time window including EQ onset (red dashed line), where the color scale represents the phase difference between the selected geomagnetic observatories. As expected at such latitudes, the FLR eigenfrequency was ~80 mHz [40,41]. A clear decrease in the FLR eigenfrequency appeared in concomitance with the earthquake occurrence (red dashed line). The cross-phase spectrogram showed a variation of 7 ± 2 mHz, whose time duration was 32 ± 6 min.




4. Discussion


Observations described in the previous section show that, in concomitance with the earthquake occurrence, an AGW was injected into the atmosphere. In fact, as from Figure 2, an AGW of about 3 km wavelength propagated across the atmosphere. A further confirmation of wave activity occurring at the same time as the EQ comes from Figure 3. In fact, a strong increase in EP over the epicenter (black circle) occurred on 14 August (panel b) compared to the relatively calm state recorded on 13 August (panel a) in the same area and at the same altitude.



However, the direct association of an AGW to an earthquake is not trivial. A number of various sources including meteorological activity in the troposphere, auroral activity, the passage across solar terminator, solar eclipses, and eruptions (see e.g., [42], and the references therein) can induce AGWs. For the earthquake under analysis, it is possible to easily exclude any AGW source other than meteorological conditions. In fact, the earthquake occurred in the early morning (08:29 LT) at low latitude (far from the auroral zone). In addition, no eclipse or strong eruptions occurred over and around the area affected by the earthquake. In order to also exclude weather systems, synoptic-scale atmospheric systems and circulations, we examined the weather reports (https://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php (accessed on 20 October 2022)) for 14 August 2021. As is visible from Figure 6, which shows the meteorological activity at both 12:00 UT (panel a) and 15:00 UT (panel b), a weather system affected the Caribbean Island around the 12:00 UT (far from the earthquake epicenter) and remained stable until 15:00 UT. In addition, another weather system was visible in both panels over the northeast side of the Haitian island, but also in this case, it remained stable until 15:00 UT and occurred far from the epicenter. Therefore, we are confident that the detected AGW at 12:30 UT could be associated with the seismic activity.



Our results also suggest that the AGW injected into the atmosphere mechanically perturbed the ionospheric medium generating a TID around the epicenter. In fact, vTEC fluctuations (Figure 4) with a characteristic mean period of the order of those typical of the medium AGWs/TIDs were recorded by the GNSS receivers located around the epicenter starting at the moment of the earthquake and lasting for about 50 min. Since ionospheric and magnetospheric variations are most often driven directly by solar activity, in order to discriminate between internal and external sources of the detected TID, we investigated the OMNI Solar Wind (SW) and Interplanetary Magnetic Field (IMF) data with 1 min resolution [43] and the SYM-H variations.



The variations shown in Figure 7 confirms that 14 August 2021 was a solar quiet day. In fact, a low geomagnetic activity (SYM-H = [−10 nT; 5 nT], see panel (i)) was recorded during the day. Variations in the SW parameters (panel a–h) showed the absence of any structure coming from the Sun before the earthquake occurrence (red dashed line). Only at around 20:00 UT an interplanetary shock—recognizable in the sudden variation of the IMF intensity (panel a) and its components (panels b–d) and in SW speed (panel e), density (panel f), SW temperature (panel g) and SW pressure (panel h)—hit the Earth without causing significant changes in geomagnetic activity.



This scenario suggests that both the observed vTEC (Figure 4) and variations in the FLR frequency (Figure 5) were not driven by the Sun and may be reasonably associated with the earthquake activity.



To establish a causal link between the earthquake occurrence and the observed perturbations of the atmosphere–ionosphere–magnetosphere system, actual observations were compared with predictions from the MILC model [14,15]. Specifically, using the approach by Carbone et al. [15], we evaluated the dispersion relation for wave-vectors/frequencies of atmospheric pressure perturbations ( η ) excited by the Haitian earthquake, using the parameters reported in Table 2. In particular, the selected parameters were the peak ground acceleration (PGA), the length of the fault (L), the strong motion duration (SMD—α), the dominant seismogram frequency (   ω s   ), and the phase speed of the surface waves (   v s   ).



As seen in Figure 8a, the dispersion relation shows that   η ( k , ω )   was excited for wave-vectors ranging from   0.2 ≤ k ≤ 1.15   km−1, well above    k s  =    ω s   /   v s     , and frequencies   0.1 ≤ ω ≤ 2.1   Hz, well above ωs. The red dashed line represents the threshold (   ω t  =    c 0   / h   , where h is the temperature scale height) for the pressure fluctuations to be evanescent or not, and propagate or not throughout the atmosphere up to the ionosphere, as a purely vertical AGW (see [15] for more details). Frequency    ω t  = 0.058   Hz was calculated using the temperature profile retrieved from ERA5 and reported in panel (b) of Figure 8. As all of the excited modes were above ωt, a purely vertical AGW was expected from MILC model to propagate up to the ionosphere as a consequence of the EQ occurrence.



Figure 8c shows the direct comparison between the modeled (red line) and the observed (blue line) profiles of fluctuations in the vertical atmospheric temperature (T′). The modeled profile derived from the estimated pressure fluctuations by use of the equation of atmosphere gas and the three pairs corresponding to the maximum values of    η /   η 0      in the dispersion relation (Figure 8a) and T′ (0) = 0 as a boundary condition (see [15] for more details). It is straightforward from Figure 8 that the MILC model correctly reproduced the observed fluctuations in temperature (0.78 K root mean square error, RMSE, and 0.82 correlation coefficient). The statistical significance of differences between the model and observations was assessed by the χ2 test, obtaining χ2 = 47.3. Such values suggest that our model is able to reproduce the observations with >90% probability, supporting the seismic origin of the AGW measured over the EQ epicenter.



The interaction between the AGW and higher atmosphere (namely the ionosphere) can generate a plasma wave whose time evolution is described by the continuity equation for electrons [14]:


    ∂  ρ e    ∂ t   = ∇ ⋅  (   ρ e   v e   )  =  P  f e   −  L  f e    



(3)




where    ρ e    and    v e    are the electron density and speed, respectively;    P  f e     is the electron production rate; and    L  f e     is the electron loss rate by recombination. Under the action of an AGW, assuming    P  f e   =  L  f e    , a direct relation can be retrieved between the electron density perturbation (ue) and the pressure variation (p) affecting the first ionospheric layer (see [14] for more details).



Figure 9 shows the direct comparison between the observed (blue line) and modeled (red line) vTEC fluctuations for four different GNSS satellites. Upon EQ occurrence (vertical black dashed line), a plasma wave was clearly injected. The vTEC fluctuation profiles in Figure 9 come from the application of the FIF technique (see Section 2) and the selection of IMCs with a characteristic mean period between 7 and 12 min, in agreement with the typical properties of medium AGWs/TIDs [36]. In this case also, the MILC model (red line) correctly reproduced the vTEC fluctuations at least for longer time-scales. In fact, repeating the same analysis for all of the available GNSS satellites, we obtained RMSEs ranging between 0.005 and 0.01 TECu and correlation coefficients between 0.81 and 0.9; the χ2 test suggests that our model is able to reproduce the observations with a probability between >85% and >88%, respectively. Such results support the hypothesis of a plasma wave injection caused by the impinging of an AGW generated by the EQ.



Finally, to further confirm a possible ionosphere–magnetosphere coupling of seismic origin, we also compared the expected and the observed geomagnetic FLR eigenfrequency variation. Figure 10 shows the MILC-modeled FLR eigenfrequency (f*) variation [16]. MILC predicts a 6 mHz negative variation in the FLR eigenfrequency under EQ action, as expected for low-latitude magnetospheric field lines (thus fully surrounded by the ionosphere [14,16] and reference therein). The modeled variation is consistent with the observed FLR eigenfrequency variation (7 ± 2 mHz), leading to the last causal proof of an ionosphere–magnetosphere coupling that occurred during the Haitian EQ.




5. Conclusions


Nowadays, the robust demonstration of the causal link between processes affecting the lithosphere, atmosphere, ionosphere, and magnetosphere during active seismic conditions plays a key role in the science of natural hazards. For the last 20 years, many studies have reported on the experimental observations of ionospheric and/or atmospheric anomalies possibly connected to EQ occurrence. Data presented in this manuscript return, under both space and atmospheric fair weather conditions, robust evidence of the lithosphere–atmosphere–ionosphere–magnetosphere coupling in concomitance with the Haitian earthquake of 14 August 2021. In fact, on one hand, we found experimental confirmation, soon after the EQ, of the generation of:




	
An AGW in the atmosphere;



	
A TID in the ionosphere;



	
A change in the magnetospheric FLR eigenfrequency.








On the other hand, after careful inspection of both space and atmospheric weather, and consequent exclusion of any competing confounder, we used the MILC model [14] to establish a causal relation between the detected signal at the different atmospheric layers and the EQ manifestation. As a result, we can reasonably conclude that the fault break generated an AGW able to reach the ionosphere and mechanically perturb its plasma density, leading to the magnetospheric FLR eigenfrequency variation.
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Figure 1. USGS Community Internet Intensity Map (https://earthquake.usgs.gov/earthquakes/eventpage/us6000f65h/executive (accessed on 20 October 2022)). The black star highlights the earthquake epicenter. 
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Figure 2. Co-seismic vertical profiles of: (a) temperature; (b) background temperature; (c) temperature deviation; (d) square of the Brunt–Väisälä frequency; and (e) potential energy at 12:30 UT on 14 August 2021. Red horizontal dashed lines represent the identified AGW peaks; from bottom to top, the green horizontal dashed lines identify the tropopause and the stratopause peaks, respectively. 
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Figure 3. Horizontal distribution of the EP on (a) 13 August and (b) 14 August 2021 at 12:30 UT. The location of the earthquake epicenter is marked by the black dot. 
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Figure 4. vTEC fluctuations characterized by a period between 7 and 12 min for all of the satellites in the field of view of all available GNSS receivers near the EQ epicenter (black dot) recorded every 5 min between 12:35 UT and 13:20 UT on 14 August 2021. 
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Figure 5. The cross-phase dynamic spectrogram between two low-latitude ground stations near the earthquake epicenter. 






Figure 5. The cross-phase dynamic spectrogram between two low-latitude ground stations near the earthquake epicenter.



[image: Remotesensing 14 05340 g005]







[image: Remotesensing 14 05340 g006 550] 





Figure 6. Weather report maps (https://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php (accessed on 20 October 2022)) for the 14 August 2021 at 12:00 UT (panel a) and at 15:00 UT (panel b). 
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Figure 7. Interplanetary space observations and geomagnetic response at low latitude on 14 August 2021. From top to bottom: Interplanetary Magnetic Field (IMF) intensity (a), Bx, IMF component (b), By, IMF component (c), Bz, IMF component (d), solar wind (SW) velocity (e), SW temperature (f), SW dynamic pressure (g), and SYM-H index (h) variations. The red dashed line marks the time of the earthquake occurrence. 
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Figure 8. MILC model previsions for the AGW detected on occasion of the Haitian EQ on 14 August 2021. Panel (a) shows the dispersion relation of the AGW frequency and wavelength predicted by the MILC model, in which the red dashed line represents the parameter c0/2 h. Panel (b) shows the atmospheric temperature profile as observed by ERA-5; panel (c) shows the atmospheric temperature profile observed (blue line) vs. the predicted (red line); panel (d) shows the atmospheric potential energy density. 
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Figure 9. Comparison between the vTEC fluctuations as observed (blue line) and predicted (red line) by the MILC model for four different GNSS satellites. The black vertical dashed line represents the time of the EQ occurrence. 
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Figure 10. The FLR variation expected for the 14 August 2021 Haitian EQ as predicted by the MILC model. f* represents the modelled magnetospheric field line eigenfrequency. 
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Table 1. The location, identifiers, geographic, and geomagnetic coordinates of the geomagnetic observatories used in this study.
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	IAGA Code
	Name
	Country
	Latitude
	Longitude
	Magnetic Latitude
	Magnetic LONGITUDE





	KOU
	Kourou
	French Guiana
	5.21°
	307.27°
	10.89°
	235.91°



	SJG
	San Juan
	USA
	18.11°
	293.85°
	25.08°
	224.44°
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Table 2. Parameters used for the evaluation of the dispersion relation for pressure fluctuations associated with the 2021 Haitian earthquakes.
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	Date
	L (km)
	ωs
	PGA (g)
	α (s)
	vs
	ks 10−5
	ωs





	Haiti
	14 August 2021
	48
	0.041
	0.6
	48.5
	2.2
	1.8
	0.058
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