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Abstract

:

On 14 August 2021, an earthquake of moment magnitude Mw = 7.2 hit Haiti Island. Unfortunately, it caused several victims and economic damage to the island. While predicting earthquakes is still challenging and has not yet been achieved, studying the preparation phase of such catastrophic events may improve our knowledge and pose the basis for future predictions of earthquakes. In this paper, the six months that preceded the Haiti earthquake are analysed, investigating the lithosphere (by seismic catalogue), atmosphere (by climatological archive) and ionosphere by China Seismo-Electromagnetic Satellite (CSES-01) and Swarm satellites, as well as Total Electron Content (TEC) data. Several anomalies have been extracted from the analysed parameters using different techniques. A comparison, especially between the different layers, could increase or decrease the probability that a specific group of anomalies may be (or not) related to the preparation phase of the Haiti 2021 earthquake. In particular, two possible coupling processes have been revealed as part of the earthquake preparation phase. The first one was only between the lithosphere and the atmosphere about 130 days before the mainshock. The second one was about two months before the seismic event. It is exciting to underline that all the geo-layers show anomalies at that time: seismic accumulation of stress showed an increase of its slope, several atmospheric quantities underline abnormal atmospheric conditions, and CSES-01 Ne depicted two consecutive days of ionospheric electron density. This suggested a possible coupling of lithosphere–atmosphere and ionosphere as a sign of the increased stress, i.e., the impending earthquake.
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1. Introduction


This paper applies a multilayer geophysical investigation to the recent earthquake that occurred on 14 August 2021 in Haiti Island. Earthquakes are potentially one of our planet’s most significant natural phenomena, releasing huge amounts of energy in a few seconds. While most earthquakes are due to the known tectonic movements of plates on the Earth, their time, location and magnitude of occurrence are uncertain [1]. In fact, predicting an earthquake means providing, in advance, space–time coordinates and the magnitude of an incoming event [2]. It is still debated whether the prediction of an earthquake would ever be possible, but that is not the topic of this paper. However, it is pretty unrealistic that such a large natural event could suddenly occur without influencing the geo-system. In fact, for several decades, many reports have claimed pre-earthquake phenomena called precursors [3,4]. In some cases, abnormal animal behaviour has also been reported, for example, before the Mw = 6.2 L’Aquila (Italy) 2009 devasting seismic event [5]. The abnormal behaviour of the animals could be due to the perception of some substances or properties (such as electrical or magnetic fields) that humans cannot depict but the instrumentation could monitor. Consequently, efforts have been made to study the properties of the lithosphere, atmosphere and ionosphere before the earthquakes.



In addition, on 2 February 2018, China launched a satellite in partnership with Italy, entirely dedicated to investigating possible effects in the ionosphere induced by the earthquake: China Seismo-Electromagnetic Satellite (CSES-01) and planning the launch of the second satellite in the current year [6]. The satellite provides excellent results in different geophysical topics, including the study of geomagnetic field, geomagnetic storms and ionospheric pulsations as Pi2 [7,8,9,10,11,12].



Research on the study of the preparation of earthquakes has been dedicated, for example, to the investigation of seismic acceleration before the earthquake in the approach known as accelerated moment release [13,14,15]. The atmospheric parameters have been explored using multiple techniques. For example, the Robust Satellite Technique (RST) showed the appearance of thermal infrared anomalies with a statistically significant number of earthquakes [16,17,18,19] or other parameters, such as ozone [20]. Tronin [21] provided a review of different parameters retrieved from remote sensing data. Electromagnetic precursors have been searched historically from ground geomagnetic observatories in different areas of the world [22,23,24,25,26,27] and, more recently, from space satellites [28,29,30,31,32]. Comprehensive recent reviews of seismo-electromagnetic phenomena have been provided by Chen et al. [33] and Hayakawa et al. [34,35]. A comparison between surface and land temperature values and Swarm magnetic anomalies has been supplied by Ghamry et al. [36]. Several studies proved that Swarm and CSES-01 electromagnetic anomalies statistically preceded several shallow M5.5+ earthquakes [37,38,39,40]. A recent study by Chen et al. [41] investigated the relationship between space–time distance and magnitude of the incoming earthquake for the first four years of CSES-01 Ne satellite data. Alterations of the ionosphere before the earthquakes are also commonly investigated using Total Electron Content (TEC), which can be retrieved from different instruments, generally the Ground Global Navigational Satellite System (GNSS) detectors [42,43,44,45]. Other ways of investigating ionosphere include the study of ionosonde and Very Low-Frequency (VLF) transmitter–receiver alterations for changing the altitude of vertical reflection of the ionosphere’s electromagnetic signals [46,47,48,49,50,51].



The Mw = 7.2 Haiti earthquake occurred on 14 August 2021 at 12:29:08 Universal Time (UT). Its hypocentre was localised at a depth of about 10 km, and the inverse solution of its moment is compatible with a strike–slip focal mechanism with a small thrust component. The approximate fault plane interested in the slip was more than 70 km long along the strike and more than 40 km deep along the fault dip. The maximum slip overpassed 2.5 m at a depth of about 10 km and for a length of about 15 km. Unfortunately, there were at least 2,248 victims, 12,763 injured and 329 missing persons and huge economic losses as reported by USGS (https://earthquake.usgs.gov/earthquakes/eventpage/us6000f65h, last access 9 February 2024).



The location of the Mw = 7.2 Haiti 2021 earthquake, together with tectonic settings, is shown in the map in Figure 1. The represented active fault system of the Caribbean and Central American area has been retrieved in the dataset [52] developed by Styron et al. [53]. Some geological information reported in the map has been acquired from [54,55,56]. In particular, the place of the earthquake is well located in the strike-slip Enriquillo–Plantain Garden (EPGFZ) fault, which crossed Jamaica Island, the offshore section and the Southern side of Haiti/Hispaniola Island.



A previous work on this earthquake was conducted by Akhoondzadeh [57], which analysed 75 days before up to 15 days after the Mw = 7.2 Haiti 2021 earthquake using CSES-01, Swarm Alpha Bravo and Charlie satellites and atmospheric data from the Giovanni web-portal. He identified an increase in anomalies in the last 20 days before the earthquake, similar to the result of the recent catastrophic earthquake in Turkey [58]. Another work by Khan et al. [59] used a machine learning technique to analyse satellite atmospheric data 30 days before and up to 15 days after the mainshock. They identified an anomaly increase ten days before the mainshock. Chen et al. [60] analysed GNSS TEC data from 17 days before up to 7 days after the mainshock, claiming possible seismo-induced anomalies 13 days before the earthquake. However, those studies analysed a limited time before the earthquake, which is selected equal to 6 months in the present paper. A possible LAIC related to the Haiti 2021 earthquake was investigated by D’Angelo et al. [61], but the investigation was focused on the co-seismic effect detecting Acoustic Gravity Waves produced by the shaking induced by the seismic event. This phenomenon has been theorised and detected in several cases [62,63,64] and even identified before several earthquakes [65,66,67] with a source mechanism based on a thermal gradient as proposed by Hayakawa [68].




2. Materials and Methods


In this paper, we applied several methods to investigate the lithosphere, atmosphere and ionosphere, following the approach we had successfully used before several earthquakes and some volcano eruptions. These cases include among all, the Mw = 6.7 Lushan (China) 2013 [69], Mw = 7.8 Ecuador 2016 [70], Mw = 6.0 and Mw = 6.5 Amatrice-Norcia 2016 [71], Mw = 7.5 Indonesia 2018 [72], Mw = 7.2 Kermadec Islands (New Zealand) 2019 [73] and Mw = 7.8 and Mw 7.5 Turkey 2023 [58] earthquakes. In all of these mentioned cases, a possible lithosphere–atmosphere and ionosphere coupling (LAIC) has been identified in the form of a chain of anomalies and, in some cases (as Lushan 2013), even more possible couplings with different physical mechanisms have been proposed by Zhang et al. [69]. A sort of confutation analysis showed a lack of lithosphere–atmosphere and ionosphere coupling before a small earthquake, such as the ML = 3.3 Guidonia (Rome, Italy) 2023 event [74]. Still, a seismic acceleration before such a small earthquake has been clearly detected, supporting the concept that LAIC requires a higher magnitude. Still, seismological analyses may be effective even in lower magnitude events depending on the characteristics of the specific fault.



A period of six months before the Mw = 7.2 Haiti 2021 earthquake was selected. The time period to search for possible precursors is likely to increase with earthquake magnitude, as proposed by Rikitake [75,76] and Scholz et al. [77]. In addition, recent work on satellite data confirmed such a relationship initially developed for ground observations [37,38]. All of these relationships affirm that the logarithm of the anticipation time in days of the precursor is directly proportional to the magnitude of the incoming earthquake:


      log   10    ⁡    ∆ T   = a − b · M    








where “a” and “b” are two coefficients that, according to Rikitake [75,76], are different for each precursor. However, he tried to classify them into macro-categories with common anticipation time but great dispersion of the coefficient. For example, for an earthquake of magnitude 7.2 (like Haiti) and geophysical precursors of the quasi-first kind, the anticipation would be about 72 days. If all the disciplines are involved, the same calculus can bring it to about 1400 days. A part of this, there is another important consideration, i.e., the recharge on the fault is a very long process (see Appendix C, where the time between two events of magnitude greater or equal to 7.2 has been estimated as two decades and this is much less than recharge time of a single fault). In addition, the preparation phase of the earthquake is considered a process that involves different stages according to the “Dilatancy Model” of Scholz [77,78]. Considering this, the investigated time before the earthquake affects the explored stages. From a practical point of view, another seismicity in the area must be checked, excluding other large (or even larger) seismic events and the eventual time to recover from seismic sequence. In fact, for the case study of this earthquake, a large earthquake occurred on 28 January 2020, not so far (closer to Jamaica), with magnitude 7.7. Finally, a time of six months for this case study is a balance of these considerations, and it is expected to cover medium and short-term precursors [79]. The following briefly illustrates the datasets used and their processing methods.



2.1. Data and Methods for Lithosphere


The lithosphere has been investigated using the USGS earthquake catalogue. All the events localised six months before the Haiti earthquake and inside Dobrovolsky’s area (see yellow circle in Figure 1) have been retrieved. The Dobrovolsky’s area defined by Dobrovolsky’s radius (R[km] = 100.43×Mw) [80] is an estimation of the possible area of preparation for the earthquake under study. It scales exponentially with the moment magnitude (Mw) of the same event. Only earthquakes with a magnitude greater or equal to the completeness magnitude have been selected. The completeness magnitude has been estimated with the ZMap software, version 7.1 [81] with the “best fit” option, and more details are provided in Appendix C. In addition, only events with a depth equal to or less than 50 km have been selected, and their epicentres are shown in Figure 1 as coloured filled dots. The colour indicates the occurrence time according to the colour bar. The cumulated Benioff stress S(t) has been estimated using the following equation:


  S   t   =   ∑  i       10     1.5 ·   M   i           



(1)




where “Mi” is the magnitude of the i-th event that occurred before time “t”.




2.2. Data and Methods for Atmosphere


The atmosphere has been investigated using the climatological archive MERRA-2 provided by NASA with data from 1980 to the present [82]. The dataset is based on real observation from the ground and remote sensing (satellites, airborne, aviation, etc.), constituting the input of a chemical–physical model of the atmosphere with a space resolution of 0.625° longitude, 0.5° latitude and 1 h of time resolution. The analysis has been conducted with the “MErra-2 ANalysis to search Seismic precursors” (MEANS) algorithm developed for the first time to study volcano eruptions and subsequently applied to several earthquakes [69,71,72,83] and, recently, La Palma 2021 volcano eruption [84]. Some improvements to the method have been applied over the years. The selected version was previously used to analyse the Lushan (China) 2013 earthquake [69]. In particular, global warming is removed from all the parameters as a linear fit shown in Figure 2. It is interesting to note that SO2 showed a high peak in 1991 due to Pinatubo’s great volcano eruption (Volcano Explosive Index = 6).



For each day, the data closer to the local midnight were selected, and the spatial average in the investigated areas was computed. The historical value was characterised as a function of mean and standard deviations of the same day for other years, excluding the year of the earthquake occurrence (i.e., as an example, the typical value of 15 February, the first day of the time series is the mean of 15 February 1980, 15 February 1981, … 15 February 2019, 15 February 2020, 15 February 2022). The atmospheric analyses were performed in two distinct areas: a square box centred on the epicentre and 3° side and a rectangular area of 2.2° longitude and 1.6° latitude drawn around the seismic displacement. Finally, the year of the earthquake (in this case, 2021) was compared with the typical values and the one outside the two standard deviations were classified as anomalous.



Regarding methane, data was directly acquired by the Atmospheric INfrared Sounder (AIRS) dataset of the AQUA satellite. For the first time in this approach, the version 7.0 dataset has been explored instead of version 6.0. For this reason, Appendix A shows the analysis of the previous version, 6.0, for comparison. In particular, the whole time series of the available values at a maximum distance of 3.0° from the epicentre from 2002 up to 2023 has been shown in Figure 3a. A linear fit and an “exponential–linear” one were calculated and overplotted on the time series. The data were normalised, removing the exponential–linear fit but maintaining the same absolute value. The histogram of the distribution of the values before and after the detrending is plotted in Figure 3b. It is possible to note that the dispersion of the values was reduced after detrending them as expected. The multi-year trend is likely due to global warming produced by increased methane concentration in the atmosphere.



In atmospheric analyses, years after the earthquake (2022 and 2023 for methane) are used to improve the background definition. In fact, the scope of this work is still not to predict the earthquake but to understand as much as possible what happened before the event.




2.3. Data and Methods for the Ionosphere


2.3.1. CSES-01, Ne


Several methodologies have been applied to the data of CSES-01 and Swarm satellites to investigate the ionosphere. In particular, the data of electron density (Ne) of CSES-01 recorded in the Dobrovolsky’s area in the six months preceding the Mw = 7.2 Haiti 2021 earthquake have been collected, and the daily mean values have been estimated separately for night-time (2 A.M.) and daytime (2 P.M.). The time series was detrended by seasonal variation by a polynomial fit. The values outside the median plus or minus 1.5 times the interquartile ranges were classified as anomalous. The technique has already been applied to Mw = 7.6 Papua New Guinea 2019 [85].



A second investigation compares the identical orbit that CSES-01 flies every five days. Figure 4 shows the two selected orbits for day and night times as the closest to the epicentre of the Mw = 7.2 Haiti 2021 earthquake. The method, already applied to La Palma 2021 volcano eruption [84], compares the complete latitudinal profiles of Ne of CSES-01 acquired in geomagnetic quiet conditions (|Dst| ≤ 20 nT and ap ≤ 10 nT). It then characterises the distribution of the Ne samples in windows of 1 degree of latitude in terms of interquartile range and outliers, i.e., the values that are 1.5 times the interquartile range out of the upper or lower percentiles (25% and 75%), i.e., the whiskers. The outlier values for each data distribution are marked with a red cross in the graph. If the phenomena occurred at the latitude of the incoming earthquake, it is further discussed as possibly caused by the seismic event.




2.3.2. Swarm, Magnetic Field


The three Swarm satellites (Alpha Bravo and Charlie) have been analysed by the MASS (MAgnetic Swarm anomaly detection by Spline analysis) algorithm, widely utilised to investigate single earthquakes [28,70,72,74,86], as well as large statistical studies [37,38]. The MASS algorithm first removed the main field by a numerical derivative of the signal and subtracting a cubic spline. For the residuals, it compared the root mean square (rms) inside a moving window of 3° latitude within the Root Mean Square (RMS) of the whole track between −50° and +50° geomagnetic latitude. If the rms > kt × RMS, the window is defined as anomalous. This approach extracts anomalous signals, but they are not necessarily induced by an earthquake. Previous statistical works, in fact, demonstrate that the earthquake likely induces a significant number of these anomalies, but they are a few per cent of the whole ensemble of extracted anomalies [37,38]. So, to further discriminate possible pre-earthquake signals, the approach proposed for the Ridgecrest 2019 [53] earthquake has been followed here. It is supposed to compare the research area with a comparison one at the same magnetic latitude and a similar ratio between land and sea. In this case, a comparison area at longitude 15.69° W has been selected. Only the anomalies that exclusively appear in the earthquake area are further discussed as possibly related to the incoming seismic event.




2.3.3. TEC


The Global Ionospheric Maps (GIMs) of Total Electron Content (TEC) have been investigated using a method previously applied to volcano eruption and earthquake occurrence [69,84]. GIM-TEC has a space resolution of 5° longitude and 2.5° latitude and a time resolution of 2 h. The method selects the four nearest neighbour values for the previous and following UT available hours. Firstly, a bidimensional cubic interpolation of the value above the epicentre is calculated, and then a linear interpolation at the selected local time (LT in this paper is set as 2 A.M.) is performed for each day in the six months before the mainshock. For each year, the yearly median TEC is calculated and linearly fitted versus the mean Sunspot number. The median is generally preferred over the mean in ionospheric studies with TEC and ionosonde to avoid the effect of the outliers and intrinsic strong variability [87,88]. The normalised TEC is calculated by dividing the time series of each year by the value obtained by the previous fit. After this passage, the background, i.e., the typical TEC value for the specific day, is calculated as the median, the median and interquartile range of the yearly values and thresholds to extract anomalies defined as the median ± 1.5 times interquartile range. The value of the year of the earthquake (2021, excluded from the background) is graphically superposed to check if any of the values are outside the thresholds, i.e., anomalous. A second threshold (represented as green horizontal lines) was calculated as the median and interquartile range of the 2021 normalised TEC values. The values that are outside such a threshold are anomalous for 2021. Still, if inside the previous background, they can be considered inside the historical variation of TEC at the epicentre location, so they are not strictly anomalous.






3. Results


3.1. Lithosphere


The analysis of the earthquake catalogue is presented in Figure 5. A combined fit of a sigmoidal curve with a linear growth has been performed (green line).



The investigation of the cumulate of released strain underlined a trend variation 66 days before the mainshock (x0 parameter of sigmoidal fit). This means that from a tectonic point of view, Dobrovolsky’s area experienced higher seismicity about two months before the Haiti 2021 earthquake. In addition, the ES parameter defined by Hattori [23,89] has been estimated and reported in Figure 6. The cited papers considered the region as active when ES ≥ 108. This occurred twice: 171 and 130 days before the Mw = 7.2 Haiti 2021 earthquake.




3.2. Atmosphere


Various atmospheric physical and chemical parameters extracted from MERRA2 were analysed six months before the Mw = 7.2 Haiti 2021 earthquake. The time series of Aerosol (as Aerosol Optical Thickness-AOT), the surface concentration of Carbon Monoxide (CO), the surface mass concentration of Dimethyl Sulphide and the surface mass concentration of Sulphur Dioxide (SO2) have been plotted in Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. Each parameter is analysed in a 3° side square area centred on the epicentre (above) and a rectangular box of 2.2° longitude and 1.6° latitude drawn around seismic displacement (below). Using the area that included the seismic displacement information generally provides more reliable pre-earthquake anomalies. In fact, this analysis aims to discriminate among all atmospheric anomalies, which ones have more chances of being induced by seismic activity. Consequently, the anomalies confirmed by this investigation are marked with red circles, while the others with orange circles are excluded for further consideration in the discussion section.



Specific humidity, surface air temperature and surface latent heat flux have also been investigated, and their time series are presented in Supplementary Materials. For Specific humidity, according to the LAIC model of Pulinets and Ouzounov [90], only a reduction (decrease) of humidity has been considered. In fact, the hydration of aerosol particles in the atmosphere is considered the cause of the drop in humidity, as further explained in the recent book by the same authors and colleagues [91].



In addition to the previous atmospheric parameters from the MERRA-2 climatological archive, the methane measured by AIRS has been investigated and shown in Figure 11.



Figure 12 shows a couple of maps of two anomalous days for aerosol content: 13 June and 14 July 2021. In the first map, the aerosol concentration is quite close and unique to the epicentre; overall, it is aligned with the main plate boundary. This supports a possible release of some substances, such as radon, from the active fault due to increased stress from the impending earthquake. On the second map on 14 July 2021, aerosol concentration is not unique to the epicentre, so some doubt exists about a possible link with seismic activity. It cannot be excluded that more phenomena coexist at the same time. For example, the large concentration in Colombia/Venezuela was surely not due to the preparation phase of the Haiti earthquake. However, it seems clear that South American aerosol emissions are a separate phenomenon from the concentration in the Caribbean Sea. Consequently, considering the close-to-epicentre aerosol concentration as a possible pre-earthquake phenomenon cannot be wholly excluded or confirmed.




3.3. Ionosphere


The ionosphere has been investigated by two satellite missions: CSES and Swarm. Figure 13 presents the time series of CSES-01 Ne values acquired in Dobrovoslky’s area six months before the Mw = 7.2 Haiti 2021 earthquake during geomagnetic quiet conditions.



It is possible to note that there are more CSES Ne anomalies as the earthquake approaches. In addition, two consecutive anomalous days with a similar amount of high Ne appeared about two months (64 days) before the earthquake. In some of the previous research on pre-earthquake phenomena, the persistence or duration of the anomaly is considered (and statically proved) to be more effective [92,93].



Another analysis with CSES-01 Ne nighttime data is presented in Figure 14. In this case, only one orbit is selected, and its values are characterised in geomagnetic quiet conditions, and eventual outliers (marked as red crosses) are extracted. To select the most probable anomalies that may be related to the preparation for the earthquake, I focused on the latitude of the earthquake. The other part of the profile can be used as a comparison to see if the phenomena are local or affect the entire orbit, making it less likely to be associated with seismic activity. The most anomalous increase in electron density occurred on 29 July 2021, 16 days before the mainshock. The peak is slightly North of the incoming epicentre, well inside the Dobrovoslky’s area. Another important increase in electron density occurred on 4 June 2021, 71 days before the Mw = 7.2 Haiti 2021 earthquake. It is worth noting that almost at the same time, the seismic trend accelerates, supporting a possible coupling between the lithosphere and the ionosphere. The corresponding analysis with CSES-01 Ne daytime data is reported in Appendix B.



The Swarm magnetic Y-East component has been objectively analysed in the area of a 3.32° radius around the epicentre, according to a previous study [86]. All the tracks that have at least one 3° latitude window with a root mean square (rms) greater or equal to 3.5 times the rms of the whole track (between −50° and +50° geomagnetic latitude) are counted as anomalous, and their cumulative trend is shown in Figure 15a. The same approach was applied to a comparison area shown in Figure 15d centred at a longitude of 22.5° W and the same magnetic latitude of the epicentre, obtaining the cumulative trend plotted in Figure 15b. Finally, the difference between the two trends has been estimated in Figure 15e. Whenever such a trend is positively increasing, it means that in the epicentral area, more anomalies are recorded than in the comparison area. Especially 80 days before the Mw = 7.2 Haiti 2021 earthquake, a higher rate of anomalous tracks were recorded in the epicentral area. However, at this time, the trend also increased in the comparison area. A combination of a global geomagnetic phenomenon that interacted with an altered electromagnetic field at the epicentral area cannot be excluded, for example, due to the release of positive charges (p-holes) for the increase of the seismic stress as proposed by Freund [94,95].



In addition to the previous investigation, the TEC at 2 a.m. local time has been estimated, interpolating spatially and temporarily the values reported by Global Ionospheric Maps of Total Electron Content (GIM-TEC). The chosen local time is the one of night-time passages of the CSES-01 satellite to allow a better comparison. The same technique was already applied to La Palma 2021 volcano eruption [84] and the Lushan 2013 earthquake [69] with a slightly different approach to take into account the cyclic variation of TEC due to solar activity. The first work used a sinusoidal fit of TEC over 20 years, while the second one performed an exponential fit with the Sun Spot Number (SSN). The advantage of using SSN is to consider that each cycle of solar activity has a specific intensity both in minimum and maximum value, and SSN is one of the indices that can measure this feature that directly influences the ionisation of Earth’s environment, so TEC. This work uses the SSN again, and a linear fit between TEC and SSN is performed. Then, the TEC values for each year are normalised versus the mean SSN value in the analysed six months. Despite the implemented normalisation, it is necessary to note that 2021 is a year of particularly low solar activity, which may affect the extraction of anomalies. In fact, as you can see from Figure 16, there are only two anomalous days, which are 1 and 2 July 2021, i.e., about 44 and 43 days before the mainshock. At that time, the geomagnetic conditions were quiet, as underlined by the following indexes: Dst = −8 nT, ap = 5 nT and AE = ~107 nT.





4. Discussion


Atmospheric and ionospheric analyses depicted several anomalies. Regarding the investigation of the atmospheric parameter, if the broken segment by the incoming earthquake is considered, there is an improvement in the results. However, this point is more important for larger-magnitude events, as the approximation of the source as a point is more accurate for smaller-magnitude events.



An external and occasional hazard that may affect the results, especially atmospheric analyses, is the eventual presence of extreme weather events, such as storms or hurricanes. In the literature, the identified pre-earthquake anomalies have been compared with hurricanes to exclude the ones probably not induced by earthquakes [96]. In the investigated time, NOAA reported several storms and hurricanes in the Atlantic Ocean sector (https://www.nhc.noaa.gov/data/tcr/index.php?season=2021&basin=atl, last access 10 March 2024) as reported in the following list.



	
Tropical Storm ANA from 22 to 23 May 2021. This storm affected the North-Center Atlantic Ocean, which is very far from the investigated area.



	
Tropical Storm BILL from 14 to 15 June 2021. This storm was generated in the North Atlantic Ocean and arrived close to the Northern coast of Florida, which is still far from the investigated area, affecting the results of this work.



	
Tropical Storm CLAUDETTE from 19 to 22 June 2021. This storm was generated in the North Atlantic Ocean, close to the Nova Scotia (Canada) coast, travelled inside the USA and ended in the Gulf of Mexico. Despite passing around the investigated area, it was completely outside the Dobrovoslkys’s area.



	
Tropical Storm DANNY from 27 to 29 June 2021. This storm was generated in the Central Atlantic Ocean and arrived at the coast border between Florida and Georgia States. It was far from the investigated area.



	
Hurricane ELSA from 30 June to 9 July 2021. This hurricane passed in the investigated area, which is further discussed below.



	
Tropical Storm FRED from 11 to 17 August 2021. This storm passed inside the investigated area, which is further discussed below.



	
Hurricane GRACE from 13 to 21 August 2021. This hurricane crossed the investigated area, but mainly after the Haiti 2021 earthquake.






Considering the above list, three events are selected as potentially affecting the analyses of this paper: Hurricane Elsa [97], Tropical Storm Fred [98] and Hurricane Grace [99]. The positions of the centre of Elsa and Grace hurricanes and Fred storm are reported in Figure 17, along with the date reported by the National Hurricane Center [97,98,99].



Some atmospheric anomalies in carbon monoxide in the days immediately following the extreme weather events may be related to the increase of using power generators as emergency recovery solutions, as reported in previous cases dealing with a higher risk of CO poisoning for this reason [100]. Sulphur dioxide increase due to the same reason was reported in the aftermath of the previous Hurricane Maria, which hit Puerto Rico in 2017 [101].



Figure 18 provides a summary of all the identified anomalies in the atmosphere and ionosphere compared with the seismicity inside Dobrovolsky’s area. Several possible interactions could be inferred by analysing the different trends in geo-layers, which are underlined by red ellipses and dashed red arrows. The four numbers in grey circles indicate important moments that these analyses can depict.



	
High seismicity in the Dobrovolsky area 171 days before the mainshock.



	
Possible coupling between lithosphere and atmosphere occurred 130~120 days before the mainshock. The increase in seismicity could lead to the release of CO and carbon dioxide (or monoxide), which are proven to be linked to seismic activity [102,103].



	
Increased ionospheric anomalies from 88 to 77 days before the mainshock. This group of anomalies is detected mainly by the Swarm magnetic field, but CSES-01 Ne also depicted some anomalies. It is the most abundant increase in ionospheric anomalies before the Mw = 7.2 Haiti 2021 earthquake, but it is not preceded by significant anomalies in the lithosphere or ionosphere, so its link with the incoming earthquake is uncertain.



	
Increased seismic rate from about 80 to 60 days before the mainshock, synchronous with anomalies in the atmosphere and two consecutive days of CSES-01 Ne anomalies. This is a possible complete coupling between the lithosphere–atmosphere and ionosphere. It is still possible to describe it with the Pulinets and Ouzounov LAIC model, as in addition to carbon monoxide release, there are also aerosol anomalies and higher concentrations of surface SO2, which may also be released due to the stress increase. The first atmospheric anomalous parameter in this time range (−80 days) was methane, which could have acted as a gas carrier to bring radioactive substances into the atmosphere, inducing ionisation, as proposed by Etiope and Martinelli [104]. This may lead to an increase of Ne recorded by CSES-01, as simulated by Kuo [105]. This is also somehow compatible with the LAIC theory of Pulinets and Ouzonouv [90], despite the lack of evidence (such as missing OLR, humidity drop, etc.) to confirm this explanation. This may be due to particular local conditions or observation limitations, especially for ground instrumentation.






A specific list of anomalies with the values of the investigated parameters is provided in Table 1. The value is the absolute one and not the exceedance of the threshold.



Comparing the results of this work with previous ones [57,59,60], it is possible to confirm the presence of sparse anomalies in the last weeks and days before the earthquake, but it is possible to depict more interesting periods with higher anticipation time not investigated in previous work. This is not surprising, considering that a single fault’s seismic recharge time could be hundreds or thousands of years [106].



Comparing the hurricanes and storms with the list and location of the anomalies, it is possible to note that the CO anomaly recorded on 4 July 2021 is likely caused by the Elsa hurricane that crossed the atmospheric investigation area exactly on the same day. The same hurricane is likely the source of the two TEC anomalies on 1st and 2nd July 2021 and the CSES-01 Ne anomaly recorded on 5 July 2021 inside the Dobrovolsky area. The anomaly of CO recorded on 10 August 2021 could be due to tropical storm Fred, but on the same day, the storm was still far from the area of investigation for atmospheric anomalies. On the other hand, the CSES-01 Ne anomalies recorded on 9 August 2021 (the last one before the earthquake) could be due to the starting of the perturbation of the tropical storm Fred on the same day. The presence of anomalies likely associated with the Elsa Hurricane may still be a sign of possible geophysical coupling induced by the strong weather, especially the ionospheric perturbation in Ne and its vertically integrated quantity TEC identified from CSES-01 and Global Navigation Satellite System (GNSS) detectors. LAIC induced by other natural hazards has also been proposed, but it is beyond the scope of this paper [90,107,108,109].



In Supplementary Materials, a comparison of electron density measured by Swarm satellites and CSES-01 is provided during two nights with anomalous features close to the epicentre. Figure S4 represents Ne on 5 July 2021 and Figure S5 on August 2021, i.e., 40 and 8 days before the Mw = 7.2 Haiti 2021 earthquake, respectively. Despite the fact that an increase in electron density seems present inside Dobrovoslky’s area, the tracks acquired at the same local time eastward and outside the earthquake preparation area also show high electron density values. In the electron density profile of 6 August 2021, a double peak above and symmetric to the epicentre is present, as visible in Figure S5, which is the ochre colour track. This track is close to the TEC anomaly extracted by Chen et al. [60] (1 August 2021). A similar result was presented in the analysis of Mw = 7.2 Kermadec Island (New Zealand) 2019 earthquake [73] in Figure 11 of the cited paper, with the same problem as the present work, i.e., the Eastward track outside Dobrovolsky’s area also shows the high value of Ne. The comparison is interesting as the magnitude is the same for both earthquakes, but the tectonic context and region differ. Unfortunately, due to the unclearness of the results, it is not easy to draw any conclusions.



Previous works identified an important feature: the spatial organisation of the anomalies before the earthquake [69,110], identifying a pattern that started far from the epicentre and gradually approached the incoming earthquake. However, in this work, only some considerations about the seismic patterns of Figure 1 can be discussed, as the anomalies in the atmosphere and ionosphere have been extracted in areas closer to the epicentre than the entire Dobrovolsky area. An important difference between the cited works and the present one is that they analysed continental earthquakes (Mw6.7 Lushan, China, 2013 and Mw = 7.8 Nepal 2015) while Mw = 7.2 Haiti 2021 epicentre is surrounded by the Caribbean Sea. The sea and the great variability of the area could make it more difficult to extract pre-earthquake anomalies far from the epicentre (still inside Dobrovolsky’s area) due to contamination of other phenomena. However, regarding the seismicity, it is possible to note that the first earthquakes six months before Mw = 7.2 Haiti 2021 occurred close to the future mainshock. Then, several seismicities were recorded far in the three months before the earthquake gradually approached the incoming earthquake, leaving a gap in the middle at the mainshock future location. This is a well-known phenomenon that, from a seismological point of view, can be explained as the seismogenic fault being locked before greater earthquakes [111]. Some simulations of this phenomenon, also known as seismic gap theory, have been performed in the literature [112].




5. Conclusions


In this paper, the lithosphere (earthquake catalogue), atmosphere (climatological dataset MERRA2 and AIRS methane data) and ionosphere (CSES and Swarm missions + TEC) geo-layers have been investigated in the six months before the Mw = 7.2 Haiti 2021 earthquake. Geomagnetic disturbed time has been skipped to avoid confusing external source ionospheric anomalies with a possible seismo-induced phenomenon. In addition, extreme weather events have been scrutinised, and some anomalies have been identified as possibly caused by such events. Several anomalies have been extracted by applying specific methods for the particular parameter, and finally, they have been discussed together. Here, an approach of separating the geo-layer is preferred to the one that combines all the anomalies in one (used, for example, for Ridgecrest 2019, New Zealand 2019 and a previous one about Haiti 2021 [57,73,83]) because, in this way, possible transfer of anomalies from bottom layers to the upper ones can be inferred. In particular, a coupling between the lithosphere and atmosphere may occur 130 days before the mainshock, and another one between the lithosphere, atmosphere and ionosphere may occur 80 to 60 days before the mainshock. Both require some days of propagation from one geo-layer to the next and are compatible with the LAIC model of Pulinets and Ouzonov [90]. These results cannot be used directly to make predictions or directly implement in a prediction system. Still, they provide crucial knowledge that is necessary but insufficient to make a scientifically reliable prediction of an earthquake. However, this further confirms that this method of studying multiple layers and parameters permits the depiction of alteration of the geosystem possibly associated with the preparation phase of the earthquake and supports possible LAIC and specific models. Further studies are necessary, especially to discuss why the patterns of anomalies are often different case by case and also to statistically assess the validity of an identified pattern on a large number of medium/large earthquakes. The final stage of constructing a prediction system may be building a platform based on the accumulated knowledge to be tested in a forward way and from an independent organisation.
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Appendix A. Analysis of Methane Data Version 6 of AIRS


Here, the results are presented using the previous methane data version, 6.0, from AIRS. In addition, the original data before and after detrending are shown in Figure A1 as a time series (a) and histogram (b). It is possible to note, comparing the same figure in the manuscript (see Figure 3), that the time series of the new version 7 is a bit changed with a more accentuated global warming trend. The CH4 anomalies using this version are shown in Figure A2. This trend and the extracted anomalies are compatible with the ones obtained with the new version, even though some minor differences exist. As the new version is provided as a revised and improved data calibration from the team mission, it is also considered more reliable for investigating the study of possible methane emissions before earthquake occurrence.
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Figure A1. Methane (CH4) version 6 data in the form of time series (a) and histogram (b) before and after the global warming detrending. 
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Figure A2. Methane (CH4) version 6 investigation in the six months before the Haiti 2021 earthquake. The data source is AISR instrument, and so the background has been calculated on a shorter time period (from 2002 to 2023, excluding the year of the earthquake–2021). Red circles underline anomalies. 
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Appendix B. CSES-01 Ne Daytime Analysis


In this appendix, the analysis of CSES-01 Ne daytime data is presented. In particular, all of the same orbits (see Figure 4) acquired during geomagnetic quiet conditions are superposed and visualised in Figure A3. The general shape is the typical one for the altitude of the satellite (~510 km) with only one Equatorial Ionospheric Anomaly (EIA) peak. Some outliers are depicted as such peaks that are significantly higher for some specific orbits. There is also an orbit with lower Ne values detected as an outlier (2 February 2021). At the latitude of the Haiti 2021 earthquake, no anomalous values were extracted. Despite some theories proposing the variations of EIA as one of the pre-earthquake phenomena [113], in this case, it looks more like ionospheric intrinsic variability, especially due to the very long anticipation time. However, it is quite interesting to note that on 19 March 2021, double EIA peaks were formed, with maximum values on 24 March 2021. These anomalous tracks with double EIA peaks preceded from 18 to 8 days, the highest seismic day in the area (excluding the Haiti event) according to the ES parameter (ES = 3.0 × 109 J/km2 on 6 April 2021).
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Figure A3. CSES-01 Ne daytime latitudinal profiles acquired in geomagnetic quiet time. The blue boxes and dashed black lines represent the standard ranges of the values for each degree of latitude. The red crosses indicate the outlier values of Ne. The latitude of the Haiti earthquake (EQ) is represented as a vertical black line. 
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Appendix C. Magnitude of Completeness of Earthquake Catalogue


In this appendix, the magnitude of completeness of the USGS earthquake catalogue in the investigated area and time is checked. It was noted that the catalogue seems to have a geographical area (Dominican Republic) with higher completeness, probably due to a dense network of seismic stations. So, the completeness was separately checked into two distinct areas represented in Figure A4.
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Figure A4. Map of the two selected areas (red circles) marked with numbers “1” and “2”. The earthquakes are represented as black boxes and the Mw = 7.2 Haiti 2021 earthquake epicentre as yellow star. Main plate boundaries are depicted with bold dark blue lines. 
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The Gutenberg–Richter (G-R) [114] distribution into the two selected areas is shown in Figure A5 “a” and “b”. The graph shows the number of events as a function of earthquake magnitude. Both the binned value (grey box) and cumulative values of the number of earthquakes with magnitude equal to or greater than the corresponding value on the abscissa are shown by white boxes. It is possible to confirm that in Area 2, the completeness magnitude Mc is better and equal to 2.6. However, in Area 1, the Mc = 4.2. Consequently, to be sure not to lose events in the whole of Dobrovolsky’s area, the most conservative value of Mc = 4.2 was selected. Using this value and selecting the two years of the earthquake catalogue before the Mw = 7.2 Haiti 2021 earthquake, the G-R distribution is calculated again and shown in Figure A5c. Using such a final solution, it is possible to calculate how many events of magnitude equal or greater than 7.2 occurred in this area by simply using the a and b coefficient of best fit:


  N   M ≥ 7.2   =   10   6.484 − 1.07 × 7.2   = 0.060   e v e n t s / y e a r  











The inverse of the above number represents the mean interseismic time τ of occurrence of events equal to or greater than magnitude 7.2 in the area:


  τ =   1   N   M ≥ 7.2     = 16.6   y e a r s  











It is possible to say that statistically, the time between an earthquake of at least magnitude 7.2 in this area is of the order of two decades. This time must not be taken as rigorous, considering that the empirical distribution of interseismic times is generally considered to follow a Poissonian statistic, even though some debate about this assumption exists [115,116,117].
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Figure A5. Gutenberg–Richter distributions in (a) selected Area 1 of Figure A4; (b) selected Area 2 and (c) the Dobrovolsky’s area. The last case considers two years of data before the Haiti earthquake. 
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Figure 1. Geographical and tectonic context of the Mw = 7.2 Haiti 14 August 2021 earthquake. The epicentre is shown as a green star. The yellow circle depicts Dobrovoslky’s area. Blue lines represent the coasts, brown lines represent the active faults (shown only for the Central American and Caribbean regions) and red lines represent the plate borders. Earthquakes of magnitude equal to or greater than 4.2 with a maximum depth of 50 km that occurred in the six months before the Haiti in the Dobrovolsky have been visualised as a filled dot with size proportional to their magnitude and colour to their origin time. 
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Figure 2. Yearly average of the selected atmospheric parameters in the investigated six-month period (blue line). The linear fit is shown as a green line and the residual after removing the fit as a red line. 
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Figure 3. Time series (a) and histogram (b) of the CH4 values estimated by the instrument AIRS onboard the AQUA satellite provided in version 7.0. 
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Figure 4. Selected orbits of CSES-01 as the closest to the Mw = 7.2 Haiti 2021 epicentre. 
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Figure 5. Cumulative seismic stress calculated with earthquakes in Dobrovolsky’s area and with a magnitude equal to or greater than completeness magnitude 4.3. The fit is shown as a green line, and its coefficients are presented in the box inside the figure (days in the box are counted from 0 to 180 days, in particular, x0 = −65.03 in days with respect to the earthquake day). 
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Figure 6. Daily seismicity analysis made by the daily ES parameter (shown as blue bars). According to the previous literature, the red line represents the threshold to consider active the region on a specific day. The dashed black vertical line indicates the day of Mw = 7.2 Haiti 2021 earthquake. 
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Figure 7. Aerosol investigation in the six months before the Haiti 2021 earthquake (vertical dashed black line) using (a) a symmetric square area centred on the epicentre or (b) a rectangular area around the seismic displacement. The years 1980 (only a), 1991, 2015 and 2020 have been excluded for outlier values. Red circles underline anomalies in the lower panel and the one in the upper panel, confirmed by investigations in both areas, while orange circles underline anomalies in the upper panel only. 
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Figure 8. Carbon monoxide (CO) investigation in the six months before the Haiti 2021 earthquake (vertical dashed black line) using (a) a symmetric square area centred on the epicentre or (b) a rectangular area around the seismic displacement. The years 1981, 1982, 1983, 1989, 1992 (only b) and 1998 have been excluded for outlier values. Red circles underline anomalies in the lower panel and the one in the upper panel, confirmed by investigations in both areas, while orange circles underline anomalies in the upper panel only. 
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Figure 9. Dimethyl sulphide (DMS) investigation in the six months before the Haiti 2021 earthquake (vertical dashed black line) using (a) a symmetric square area centred on the epicentre or (b) a rectangular area around the seismic displacement. The years 1980 and 2005 have been excluded for outlier values. Red circles underline positive anomalies, while blue circle underlines a negative anomaly. 
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Figure 10. Sulphur dioxide (SO2) investigation in the six months before the Haiti 2021 earthquake (vertical dashed black line) using (a) a symmetric square area centred on the epicentre or (b) a rectangular area around the seismic displacement. The years 1982, 1991, 1992, 2003 (only a) and 2006 (only b) have been excluded for outlier values. Red circles underline anomalies. 
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Figure 11. Methane (CH4) investigation in the six months before the Haiti 2021 earthquake (vertical dashed black line). The data source is the AISR instrument, so the background has been calculated over a shorter period (from 2002 to 2023, excluding the earthquake year 2021). Red circles underline anomalies. 
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Figure 12. Maps of Aerosol (AOT) on 13 June and on 14 July 2021. A red asterisk marks the epicentre. Dashed grey lines represent the main plate boundaries. The blue lines represent coastlines. 
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Figure 13. Time series of CSES-01 Ne night-time values (red dot/line) acquired in the Dobrovolsky’s area in the six months before the Mw = 7.2 Haiti 2021 earthquake (vertical dashed black line). Green lines indicate thresholds to define anomalies based on median (m) and interquartile range (Iqr). 
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Figure 14. CSES-01 Ne night-time latitudinal profiles acquired in geomagnetic quiet time. The blue boxes and dashed black lines represent the standard ranges of the values for each degree of latitude. The red crosses indicate the outlier values of Ne. The latitude of the Haiti earthquake (EQ) is represented as a vertical black line. 
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Figure 15. Cumulate of the Swarm Y-East component of magnetic field anomalies in the six months before Mw = 7.2 Haiti 2021 earthquake in (a) epicentral area shown in (c); (b) in a comparison area shown in (d). A linear fit of the cumulative anomaly trend has been performed and shown as red line in (a,b). The maps in (c,d) of the Dobrovolsky’s and comparison areas underline the sea part with blue patches and land by green patches. The epicentre and centre of comparison area is represented by a red and the investigation areas with yellow circles. (e) Differences in the trends to extract the anomalies are more likely related to the preparation phase of the earthquake. 
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Figure 16. (A)Time series of the Total Electron Content (TEC) residuals estimated from the Global Ionospheric Maps of Total Electron Content (GIM-TEC) maps and interpolated above the earthquake epicentre and at 2 LT. The green horizontal lines indicate thresholds for anomalous values in the year of the earthquake (2021). (B) Geomagnetic activity represented by Dst (blue line) and ap (orange line) indexes. 
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Figure 17. Map of positions of Elsa and Grace hurricanes and Tropical Storm Fred that crossed the investigated area during the six months before the Haiti 2021 earthquake occurrence. The yellow circle represents the Dobrovolsky’s area and the green boxes shows the atmospheric research areas implemented in MEANS algorithm for this earthquake. 
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Figure 18. Cumulative trends in the lithosphere (earthquakes), atmosphere and ionosphere (anomalies). The number inside grey circles indicates the most important stages depicted by this summary graph: (1) particular high seismicity, (2) high seismicity immediately followed by aerosol release, (3) increase of ionospheric anomalies (especially Swarm magnetic field) and (4) variation of seismic trend synchronous to increase of atmospheric anomalies followed by two consecutive days of CSES-01 electron density anomalies. These important group of anomalies possibly related to the incoming earthquake has been underlined by bold red circles. Anomalies possibly related to weather hurricanes and storms have been underlined by dashed red circles. 
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Table 1. List of lithosphere, atmosphere and ionosphere anomalies in the six months before Mw = 7.2 Haiti 2021 earthquake occurrence.






Table 1. List of lithosphere, atmosphere and ionosphere anomalies in the six months before Mw = 7.2 Haiti 2021 earthquake occurrence.





	
Parameter

	
Anomalous Day [2021]

	
Anticipation Time [Day]

	
Value






	
Lithosphere




	
ES

	
24 February

	
−171

	
6.5 × 108 J/km2




	
6 April

	
−130

	
3.0 × 109 J/km2




	
Atmosphere




	
Aerosol

	
12 June

	
−63

	
0.61




	
13 June

	
−62

	
0.62




	
14 June

	
−61

	
0.48




	
14 July

	
−31

	
0.44




	
21 July

	
−24

	
0.50




	
SO2

	
27 February

	
−168

	
1.93 × 10−6 kg/m2




	
17 March

	
−150

	
1.86 × 10−6 kg/m2




	
14 June

	
−61

	
2.29 × 10−6 kg/m2




	
CO

	
18 March

	
−149

	
102 × 10−9 ppbv




	
From 11 to 18 April (excluding 14 April)

	
From −125 to −118 (excluded −122)

	
97 ÷ 111 × 10−9 ppbv




	
From 6 to 8 June

	
From −69 to −67

	
75 ÷ 77 × 10−9 ppbv




	
17 June

	
−58

	
75 × 10−9 ppbv




	
4 July 1

	
−41

	
90 × 10−9 ppbv




	
10 July

	
−35

	
81 × 10−9 ppbv




	
29 July

	
−16

	
78 × 10−9 ppbv




	
10 August

	
−4

	
80 × 10−9 ppbv




	
Humidity

	
27 July

	
−18

	
0.0164




	
OLR

	
17 March

	
−150

	
187 W/m2




	
Temperature

	
11 May

	
−95

	
301 K




	
CH4

	
24 February

	
−171

	
2.24 σ




	
15 April

	
−153

	
2.40 σ




	
17 April

	
−107

	
3.76 σ




	
1 May

	
−105

	
2.29 σ




	
14 May

	
−82

	
2.18 σ




	
28 May

	
−78

	
2.71 σ




	
7 July

	
−12

	
2.11 σ




	
Ionosphere




	
CSES-01 Ne

	
20 March

	
−147

	
1.232 × 104 e−/cm3




	
23 April

	
−113

	
1.737 × 104 e−/cm3




	
18–20 May

	
From −88 to −86

	
(1.006 ÷ 3.019) × 104 e−/cm3




	
3 June

	
−72

	
2.704 × 104 e−/cm3




	
10–11 June

	
−65

	
2.7 × 104 e−/cm3




	
30 June

	
−45

	
3.398 × 104 e−/cm3




	
5 July

	
−40

	
2.065 × 104 e−/cm3




	
15 July

	
−30

	
1.309 × 104 e−/cm3




	
20 July

	
−25

	
3.288 × 104 e−/cm3




	
28 July

	
−17

	
4.076 × 104 e−/cm3




	
3 August

	
−11

	
1.246 × 104 e−/cm3




	
9 August

	
−5

	
1.155 × 104 e−/cm3




	
TEC

	
1 July

	
−44

	
1.44 TECU 2




	
2 July

	
−43

	
1.35 TECU 2








1 On this day, hurricane Elsa passed inside the atmospheric research area, so this anomaly is likely due to weather perturbation. 2 The value is in normalised TECU units.
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