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Abstract
In mid- and low-latitude ionospheric F-region on the dayside, magnetic field and electron density (Ne) fluctuations with amplitude smaller than a few nT and 1–2% of Ne, respectively, are commonly observed. Their spatial scale along satellite orbit is around 70–250 km. It is presumed that they are generated by the waves propagated from lower atmosphere. However, the mode of waves (acoustic wave or internal gravity wave) and their source are not yet clear. Among the possible sources, cumulus convection and/or associated rainfall are considered to be the strong candidates for the atmospheric wave generation. We use the rainfall estimated by the hourly Global Satellite Mapping of Precipitation (JAXA/GSMaP) as a proxy of lower atmospheric disturbance as the wave source, and compare the rainfall with the amplitude of magnetic fluctuations (magnetic ripples) and electron density fluctuations observed by the Swarm satellites. The data from April 2014 to July 2020 are used. The global distribution of rainfall estimated by the GSMaP and its seasonal variation have similarities with amplitude distribution of magnetic ripples and electron density fluctuations on the dayside. We calculate the ratio of their magnitude, i.e., amplitude of magnetic ripples or electron density fluctuations in rainfall cases to those in no-rainfall cases. Although the longitudinally averaged ratio is not very large but around 1.1–1.2 in ± 10– ± 50° Apex latitudes, it is clearly larger than 1.0. The ratio increases when the intensity of rainfall (mm/h) increases. These results indicate that a cumulous convection which causes rainfall is one of the main sources of atmospheric waves that produce magnetic ripples and electron density fluctuations commonly observed in the dayside ionosphere. Anticipating acoustic waves as the driver of magnetic ripples and electron density variations, a difference in the generation mechanism of electron density fluctuations from that of magnetic ripples is suggested even if their sources are common.
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Introduction
By applying a high-pass filter to the vector magnetic field data obtained by the CHAMP satellite to subtract the geomagnetic main field including large scale crustal anomaly, Nakanishi et al. (2014) found a small amplitude (less than a few nT) and short period (10–30 s) wavy variations along the satellite orbit. Iyemori et al. (2015) concluded that they are small spatial scale field-aligned currents probably generated in the lower ionosphere by acoustic mode atmospheric waves by using the Swarm satellite observation when the three satellites were flying almost on the same orbits in the initial period after their launch. The characteristics of the small-scale magnetic variations observed by the Swarm satellites are exactly the same with those observed by the CHAMP satellite (Aoyama et al. 2016). Aoyama et al. (2016, 2017) analyzed the correlation of the small-scale magnetic variations with a volcanic eruption, typhoons and cloud-top temperature. They named the magnetic variation as "magnetic ripples" anticipating that the magnetic structure expands as the atmospheric waves in the lower ionosphere, which generate the field-aligned currents, expand. A numerical simulation by Zettergren and Snively (2015, 2019) supports the formation of field-aligned currents by acoustic waves.
By applying the same filtering method for magnetic ripples to the electron density data obtained by the Swarm satellites, similar to the magnetic ripples but slightly different wavy structure is commonly observed on the dayside, which shall be introduced in this paper. That is, the location and period along the satellite orbit are, in general, not the same with those of magnetic ripples, which suggests different generation mechanism. However, the characteristics similar to those of magnetic ripples also exist, and they could have a common source in lower atmosphere.
It has been reported that the lower atmospheric waves, in particular, acoustic mode waves generated by strong earthquakes, volcanic eruptions, typhoons and tornadoes propagate to the ionosphere and causes geomagnetic variations and ionospheric electron density variations. For example, geomagnetic oscillations with a period of vertical acoustic resonance at 3.7 mHz were observed in Thailand during the 2004 Sumatra earthquake (Iyemori et al. 2005; Shinagawa et al. 2007). Similar oscillation was also observed in GPS-TEC data (Choosakul et al. 2009).
Generation of atmospheric waves, in particular the acoustic waves, have been reported by using seismometers, micro-barometers, ionosondes, GPS-array, etc. before this Sumatra event (e.g., Calais and Minster 1995; Kanamori et al. 1994 and references therein). After the Sumatra event, we have many reports of ionospheric effects by the special events such as earthquakes (e.g., Heki and Ping 2005; Saito et al. 2011), volcanic eruptions (e.g., Heki 2006; Aoyama et al. 2016), typhoons (e.g., Perwitasari et al. 2015; Aoyama et al. 2017; Martines-Bedenko 2019) and tornadoes (e.g., Nishioka et al. 2013) by using the new tools such as global and dense network of GPS-TEC observations, precise satellite observations of electro-magnetic fields and plasmas, all-sky imagers, satellite imagers etc.
However, the magnetic ripples are commonly observed on the dayside by polar orbiting satellite with precise magnetic measurement such as the CHAMP and the Swarm satellites. If magnetic ripples are also caused by lower atmospheric waves, the source should not be the special events such as earthquakes, volcanic eruptions or typhoons but should be some commonly existing phenomena. One of the candidates is enhanced cumulous convection, and Aoyama et al. (2017) showed a correlation of global amplitude distribution of magnetic ripples observed by the Swarm satellites and cloud top temperature estimated by meteorological satellites as a proxy of cumulous convection activity. Shao and Lay (2016) presented some examples of correlation between GPS-TEC oscillation with period about 3–5 min and thunderstorms that are more common than the above special events.
In this paper, we use global rainfall estimation provided by the JAXA/GSMaP as a proxy of lower atmospheric disturbance which generate atmospheric waves, in particular, acoustic mode waves which can propagate vertically upward. The advantage of using rainfall data by GSMaP is their global coverage and high spatial and temporal resolution. As the first step, we compare the global amplitude distribution of magnetic ripples and electron density fluctuations to that of rainfall. Then we examine the ratio of amplitude in the cases when rainfall is observed below the satellite location to that in the cases when no-rainfall is observed.
Data and method of analysis
Magnetic ripples and electron density fluctuations
The vector magnetic field data and the electron density data obtained by the three Swarm satellites (Olsen et al. 2013) are used to detect magnetic ripples and electron density fluctuations in middle and low latitude ionosphere. The Swarm constellation consists of three satellites (SW-A, -B and -C) placed in two different polar orbits, i.e., SW-A and -C fly side by side (with about 1.4 degrees separation in longitude) at gradually decreasing altitude around 480–450 km, while SW-B has been at around 530–515 km during the period of data used in this analysis, i.e., from April 2014 to July 2020.
We use one second resolution vector magnetic field data obtained by the VFM (e.g., Merayo 2014), in the sensor coordinate system (x, y, z), where x approximately points upward or downward, y points longitudinal direction and z approximately points satellite velocity direction, and 0.5 s resolution electron density data (Advanced/2 Hz Langmuir Probe Extended Dataset) obtained by the Langmuir probe (Knudsen et al. 2017). Because the temporal resolution of the VFM data used in this analysis is 1 s, we averaged two values of electron density (Ne) data within each one second to make 1 s resolution dataset to merge with the VFM dataset for convenience of analysis.
To extract the small amplitude fluctuations, i.e., less than a few nT or less than a few % of Ne, with period about 10–40 s from rapidly varying large values of the geomagnetic main field or electron density along satellite orbit, we subtract the base values by applying 2nd order B-Spline fitting with a knot interval of 20 s. This filter is the same as that used in Nakanishi et al. (2014). Because there still remain small-scale variation probably of crustal origin in Bx and Bz components even after the Spline filtering, we further applied a Gaussian type high-pass filter with a standard deviation σ = 8 s to the Spline filtered data. The same procedure was used also for electron density variations.
In this paper, we show only the results obtained on the dayside (i.e., 08–16MLT; Magnetic Local Time) because the amplitude of magnetic ripples is strongly controlled by the ionospheric conductivities (Nakanishi et al. 2014; Aoyama et al. 2017), and the density variations on the dayside which we shall show in this paper seems to be different from "plasma bubble" with large amplitude density variation caused by the Rayleigh–Taylor instability (e.g., Stolle et al. 2006; Park et al. 2009). They are also different from the "MEF" (Mid-latitude Electric field Fluctuation) and the "MMF" (Mid-latitude Magnetic field Fluctuation) possibly caused by the Perkins instability (e.g., Perkins 1973; Saito et al. 1995; Park et al. 2016) which mostly appears on the nightside.
In the analysis of electron density data, we realized that, during a considerable period of observation, the electron density data are contaminated by apparently non-natural phenomena. They typically start to appear at nearly the same geodetic latitude during the day with small amplitude and small latitudinal width and expand to other latitudes with enhanced amplitude and wide latitudinal width (see Fig. 12). They appear, for example, in the data of both the Swarm A and C with a time delay of a few days with very similar shape. They last for a few days or for a few weeks and appear in most of local time except for around noon, midnight, dawn and sunset, and about 1/3 of the period is contaminated with such variation. We plot all of the data from March 2014 to July 2020 in the same format with Fig. 12 and searched the period contaminated with such variations by eye-inspection (see Fig. 13). Because both the Swarm A and C flying with a small longitudinal difference of about 1.4 degree show very similar variation with a few days delay, we speculate that the phenomena could be related to the satellite attitude relative to the Sun. In the analysis, such periods were excluded.
Global rainfall estimation
To examine the effect of lower atmospheric waves on the generation of magnetic ripples or electron density fluctuations on the dayside, we need some appropriate meteorological parameters to compare with satellite observation. As a proxy of lower atmospheric disturbances which may produce atmospheric waves, we use the global distribution of hourly rainfall estimated by JAXA/GSMaP (https://​sharaku.​eorc.​jaxa.​jp/​GSMaP/​index.​htm). GSMaP uses Dual-frequency Precipitation Radar (DPR) onboard Global Precipitation Measurement (GPM) core satellites, other GPM constellation satellites, and Geostationary satellites (https://​sharaku.​eorc.​jaxa.​jp/​GSMaP/​guide.​html). The hourly rainfall data are used in this paper and they are available since March 2014 with a spatial resolution of 0.1° × 0.1° in geodetic latitude and longitude. In the analysis, considering the temporal resolution of the GSMaP (i.e., 1 h) and altitude difference between ground and the ionosphere, we averaged them in 1.0° × 1.0°mesh and compared with the Swarm satellite data.
Global distribution of rainfall, electron density variations and magnetic ripples
The Swarm and the GSMaP data are converted to a dipole coordinate system and averaged in 2° × 2° mesh to obtain the average global distribution of rainfall, amplitude (magnitude) of electron density fluctuations and magnetic ripples defined as the absolute value of δNe and δBx (or δBy or δBz). We limit our analysis within ± 50 degrees in dipole latitude. The data period analyzed in this paper is from 17 April 2014 to 29 July 2020.
Difference of amplitude between the cases of rainfall and no-rainfall
To see the rainfall effect on the amplitude of magnetic ripples and electron density fluctuations, the amplitude ratio of the cases with rainfall to the cases with no-rainfall is calculated for each 10° × 10° mesh in dipole coordinates (Fig. 6) and in Apex coordinates (Fig. 8). The Apex latitude (VanZandt 1972; Richmond 1995) at a given point is defined as the dipole latitude of the dipole magnetic lines of force which pass the apex, i.e., most distant point from the center of the Earth, where the realistic geomagnetic field, i.e., IGRF model field in this case, is traced from a given point along the magnetic lines of force as schematically depicted in Fig. 1. If the distance between an apex and the center of the Earth is La in unit of the Earth radius, the apex latitude [image: $${\alpha }$$] is defined as [image: $$\alpha ={cos}^{-1}(\surd (1/La)).$$] It should be noted that the Apex latitude depends on the altitude of a given point even if the geodetic or dipole latitude is the same. Therefore, there appears a jump in Apex latitude of satellite along the orbit in low latitude where the geomagnetic lines of force do not reach the satellite altitude.[image: ]
Fig. 1Tracing of IGRF-2015 model field to find the ground location, P0, P1 and P2, to pick-up the rainfall data and compare with satellite observation. A schematic illustration on the relation among 'dipole equator', 'dip equator', ‘dipole latitude; δ’ and ‘Apex latitude; α’. Apex latitude is defined as [image: $${\alpha }={cos}^{-1}(\surd (1/La)),$$] where [image: $$La$$] is the L value at the Apex point, which is defined as the most distant point from the center of the Earth, along a geomagnetic field line of force


The amplitude of magnetic ripples (or electron density fluctuations) is averaged in each mesh for the cases when we have rainfall and no-rainfall, and then we take a ratio of averaged amplitude in rainfall cases to that in no-rainfall cases. We averaged the ratios of the meshes in the same Apex latitude to get longitudinal average shown in Figs. 9, 10 and 11. Details on these figures shall be explained later in “Results and discussion” section.
Figure 1 illustrates the method to compare the Swarm satellite observation and rainfall estimated by the GSMaP as well as the difference between a dipole latitude and an Apex latitude. To find the location where the GSMaP data are picked up, a model geomagnetic fields, IGRF2015 (coefficients at epoch 2015.0 of IGRF-12 model, see http://​www.​ngdc.​noaa.​gov/​IAGA/​vmod/​igrf.​html), are traced from the satellite location to a geodetic altitude 120 km in both hemispheres, P1 and P2 in Fig. 1. The reason of tracing to an altitude 120 km in both hemispheres is that the magnetic ripples are assumed to be generated by E-region dynamo driven by the atmospheric waves, and divergence of the dynamo current forms the field-aligned currents. That is, the source could be in opposite hemisphere to the hemisphere where a satellite is observing the fluctuations.
Then, we take the strength of rainfall (mm/h) at the geodetic latitude and longitude of P1 and P2 in Fig. 1 from corresponding hourly GSMaP dataset. We also used the rainfall data at P0, vertically below the satellite for comparison. Considering the horizontal expansion of waves when they propagate upward from troposphere to 120 km altitude, we take the maximum value of rainfall in longitudinal width of ± 1 degree. On the latitude, we use the latitudes at P1, P2 and P0 without taking any latitudinal width because the satellite moves rapidly in latitudinal direction and covers 1 degree within about 14 s.
Results and discussion
Figure 2 shows an example of electron density, Ne (blue line), and its fluctuations, δNe (orange line), (upper panel, both in cm−3) and magnetic ripples (lower panel, in nT) in low-latitudes on the dayside observed by the Swarm-A on 16 March 2017. The equatorial fountain effect is clearly seen and the electron density fluctuations are observed on both sides of equatorial electron density anomaly. The latitude of a sharp Ne fluctuation peak around 06:32:30UT corresponds to the geomagnetic dip-equator, and a sharp peak and two depressions and small peaks on both sides are probably a high-pass filtering effect of a peak or a step-wise variation of Ne at the dip equator. This type of fluctuations at the dip-equator is often observed when the fountain effect is strong. It should be noted that the location of electron density fluctuations and that of magnetic ripples are slightly shifted, i.e., different in latitude. This shift suggests that the mechanism of electron density fluctuations is different from that of magnetic ripples even if the sources in lower atmosphere could be the same. We shall discuss on this latitudinal shift later with Fig. 11.[image: ]
Fig. 2An example of electron density and its fluctuations (upper panel) and magnetic ripples (lower panel) in sensor coordinate system (approximately, x: upward or downward, y: eastward or westward, z: satellite velocity direction). MLAT and MLON are dipole latitude and longitude, respectively


Figure 3 shows the global distribution of electron density fluctuations (in cm−3) and magnetic ripples of By-component (in nT) for the four seasons on the dayside. The one second resolution data are averaged in 2° × 2° mesh in a dipole coordinate system. Clear seasonal differences are observed. On the electron density fluctuations shown in the left panels, in general, their amplitude is large in the region where the electron density is large by the equatorial fountain effect. We see a narrow peak along geomagnetic equator where the plasma flow is expected to be upward by the eastward electric field. The global distribution of δNe is similar between vernal equinox (Feb–Apr) and autumnal equinox (Aug–Oct). However, we see some clear difference in the cases of June solstice (May–July) and December solstice (Nov–Jan). That is, we see amplitude enhancement of δNe in northern and southern Pacific Ocean, a hemispheric asymmetry in Eastern Pacific Ocean in June solstice, and an enhancement in the southern part of South America and Atlantic Ocean in December solstice. In the equatorial enhancement latitudes, the amplitude is larger around South-East Asia in June solstice and South Pacific Ocean in December solstice.[image: ]
Fig. 3Amplitude distribution of electron density fluctuations (left) and By-component of magnetic ripples for four seasons


The right panels of Fig. 3 show the amplitude distribution of magnetic ripples. In general, we see geomagnetic conjugacy and they show a very clear seasonal difference. In June solstice, the amplitude is larger than other seasons in most area. In particular, the amplitude in South-East Asian and American longitudes is large. In December solstice, the amplitude in Eastern Pacific Ocean is larger than that in other areas. The depression of the amplitude of magnetic ripples along magnetic equator depicted in deep blue or blue is caused by the satellite velocity direction which is nearly parallel to geomagnetic field around the dip-equator, and hence, parallel to the small-scale field-aligned currents that cause magnetic ripples. That is, the satellite cannot detect magnetic variation caused by the field-aligned currents when it flies along geomagnetic field near the dip-equator, because the apparent wave length becomes too long and filtered-out by the high-pass filter to remove Earth's main field (see Fig. 3 and Fig. 13 in Nakanishi et al. 2014). The difference in the global distributions and their seasonal variation between electron density fluctuations and magnetic ripples suggest a difference in the mechanism to cause the electron density variation and magnetic ripples.
Figure 4a and b respectively show the averaged distribution of global rainfall (mm/h) and electron density fluctuations (cm−3) in June solstice (May–July), and Fig. 4c and d respectively show those in December solstice (Nov–Jan). Note that these plots are also presented in a dipole coordinate system. In June solstice, we have a strong rainfall in the South Eastern Asia and Pacific Ocean side of Central America. In December solstice, large amount of rainfall is observed in the South Pacific Ocean and South America and its Atlantic Ocean side. Corresponding to these areas, we observe larger amplitude of electron density fluctuations than another season as indicated by red dashed-line circles and arrows. However, there exist the regions where no good correspondence is seen as shown by white dashed-line circles and dark gray arrows. This could mean that a rainfall is not enough as a proxy of the wave source but there exist other sources that a rainfall cannot be the proxy of wave source. The ambient electron density and/or vertical electron density gradient at satellite altitudes may also need to be large enough to have appreciable amplitude of δNe.[image: ]
Fig. 4a Global distribution of rainfall estimated by GSMaP for June solstice (May–July), b Amplitude distribution of electron density fluctuations observed by the Swarm satellite, c and d Same as a and b but for December solstice (Nov–Jan)


Figure 5a and b are respectively the difference of average rainfall and amplitude of electron density fluctuations between autumnal equinox and vernal equinox. By taking the difference, we expect that the large equatorial fountain effect in electron density variations is cancelled out or reduced to some extent. We see a better correspondence between the rainfall and δNe, because the ionospheric condition controlled by solar radiation is expected to be similar for the two equinoxes although the meteorological condition is rather different.[image: ]
Fig. 5a Difference of mean rainfall between autumnal equinox (Aug–Oct) and vernal equinox (Feb–Apr), b same as a but of mean electron density fluctuations


Figure 6a shows the ratio between averaged amplitude of electron density fluctuations in 10° × 10°mesh when the rainfall stronger than 5 mm/h is observed at one or both sides of magnetic conjugate points and when no rainfall was observed in both hemispheres, i.e., at P1 and P2 in Fig. 1. Figure 6b shows the ratio between averaged amplitude of magnetic ripples in the same condition with that of Fig. 6a. In many of the mesh areas, the color is yellow or orange, in particular, in Fig. 6b. That is, the ratio is greater than 1.0 in many areas. This indicates the contribution of rainfall, or that of the meteorological condition which causes rainfall, to the amplitude of δNe and δBy. The results for δBx are also similar to those for δBy (not shown here). The results for δBz, i.e., component approximately in satellite velocity direction near the magnetic equator, is not shown because the amplitude of z-component nearly parallel to the geomagnetic field in low-latitudes is very small as seen in Fig. 2.[image: ]
Fig. 6a Ratio of averaged amplitude of electron density fluctuations in the cases of rainfall stronger than 5 mm/h to the cases of no rainfall. b Same as a but for magnetic ripples of By-component. GSMaP data are taken at the geodetic latitude and longitude where a geomagnetic line of force which pass the satellite location reach at 120 km altitudes in both hemispheres, i.e., P1 and P2 in Fig. 1


Figure 7a, b and c shows the number of the data points in a 10° × 10°mesh used to obtain the results shown in Fig. 6a and b. Figure 7a shows the case with no-rainfall, b shows the case where at least one side of magnetic conjugate points, i.e., P1 or P2 in Fig. 1, have weak (< 5 mm/h) rainfall, and c is for heavy (> 5 mm/h) rainfall cases at P1 and/or P2. The 5 mm/h threshold is adopted in this study because the minimum number of satellite path ('not' the number of data points) in every mesh is greater than around 10 with this threshold. Note that the tendency of north–south symmetry is caused by the adoption of magnetic conjugate points to check the rainfall condition.[image: ]
Fig. 7Number of data points in a 10°  × 10° mesh used to obtain Figs. 6, 8 , 9 and 11. a No-rain at the satellite footprints at 120 km altitude along geomagnetic field in both hemispheres, i.e., at P1 and P2 in Fig. 1. b Weak rainfall (< 5 mm/h) at least one of the footprints but no heavy rainfall. c Heavy rainfall (> 5 mm/h) at least one of the footprints, P1 and/or P2. About 130 data points correspond to one satellite path. Note that the color scale for c is 10 times smaller than that for a and b


Figure 8a and b correspond to Fig. 6a and b, respectively, but in Apex coordinates, because the magnetic equator (i.e., the dip equator) differs about 15 degrees from dipole equator in some longitudinal area, in particular over the Atlantic Ocean and western Africa areas as seen in Fig. 3. Although the rough tendency is similar between Figs. 6 and 8, it may be more suitable to use Apex coordinates when we average in longitudinal direction and compare the values of the amplitude ratio because equatorial anomaly could play a significant role to generate the electron density fluctuations. Therefore, we use the Apex coordinates for Figs. 9, 10 and 11 where the longitudinal averages are examined. The blank area within around ± 10°Apex latitudes appears because the geomagnetic lines of force in low-latitude do not reach the satellite orbit as explained with Fig. 1. Note that the Apex latitude of the coastlines depicted in Fig. 8 is calculated at an altitude of 120 km assuming that the neutral atmospheric waves from lower atmosphere start to cause magnetic and electron density variations after they reach the lower ionosphere.[image: ]
Fig. 8Same as Fig. 6a and b, but in Apex coordinate system. The blank area within ± 10º Apex latitudes appears because the geomagnetic lines of force in this area cannot reach satellite altitudes. The Apex latitudes of the coast-lines are calculated at 120 km altitudes assuming that the magnetic ripples are generated in the ionospheric dynamo layer

[image: ]
Fig. 9Longitudinally averaged amplitude of each component in a heavy rain cases (> 5 mm/h), and b in weak rain (< 5 mm/h). The GSMaP data at the footprints traced to 120 km altitude, i.e., P1 and P2 in Fig. 1, are used. The blank area within ± 10゜appears because the geomagnetic lines of force cannot reach satellite altitudes in this area

[image: ]
Fig. 10a Longitudinally averaged amplitude ratios of electron density fluctuations and b By-component of magnetic ripples for each season. The GSMaP data at the same geodetic latitude and longitude with the satellite location, i.e., P0 in Fig. 1, are used in this case

[image: ]
Fig. 11a Ratio of amplitudes in heavy rainfall (> 5 mm/h) cases to that in no-rain cases at the tracing points P1 and P2 shown in Fig. 1. b Ratio for heavy rainfall cases at the geodetic latitude and longitude of the satellite location, i.e., the GSMaP data vertically below the satellite, P0 in Fig. 1 are used. c Same as b, but under weak rainfall (i.e., 0 < rainfall < 5 mm/h) condition


Figure 9a shows the plots of longitudinally averaged ratios of electron density fluctuations (blue line) corresponding to Fig. 8a and magnetic ripples in Bx- and By-components (orange and black lines, respectively, and black line corresponds to Fig. 8b). The error bars indicate the standard error (= [image: $$\upsigma /\sqrt{n}$$]) where σ is the standard deviation at each Apex latitude and n = 36, i.e., 36 meshes in longitudinal direction, in this case. Figure 9a is the case when the strength of rainfall is greater than 5 mm/h at least one hemisphere and Fig. 9b is for weak rainfall cases less than 5 mm/h. A comparison of Fig. 9a and b shows the effect of rainfall strength on the amplitude ratio. The excess of the ratio from 1.0 for δBx and δBy in heavy rain case is about 1.5–2 times of those in weak rainfall cases. It should be noted that the amplitude of electron density fluctuation, δNe, does not show any clear rainfall intensity dependence. This difference for δNe with the results for δBx or δBy is probably caused by the use of field-line tracing to 120 km altitude to refer to the GSMaP data as shall be discussed later with.
Figure 10a and b respectively show the plots of longitudinally averaged ratios of electron density fluctuations and magnetic ripples for four seasons. The definition of four seasons in this paper is "ionospheric" season which is mainly controlled by the solar UV intensity (i.e., by the Solar zenith angle). On the other hand, the season on the ground shifts one or two months late from ionospheric seasons. The GSMaP data at the same geodetic latitude and longitude of satellite location, i.e., P0 in Fig. 1, are used. Although the ratios scatter by seasons, and the error bars are larger than those in Fig. 9 or in Fig. 11, it is still greater than 1.0 (horizontal red line) for most of the data points.
Figure 11a shows a result when a field-line tracing with IGRF2015 from a satellite location to altitude 120 km in both hemispheres is applied to find the location where the GSMaP rainfall value is taken. That is, the GSMaP data at the geodetic latitude and longitude of P1 and P2 in Fig. 1 are referred to. Figure 11b shows a result when geodetic latitude and longitude at the satellite, i.e., P0 in Fig. 1, are used to pick-up the GSMaP data, i.e., the rainfall vertically below the satellite. For magnetic ripples, i.e., for δBx and δBy, the ratio is larger in low latitudes in the case of tracing, i.e., Fig. 11a, than the case of no-tracing, i.e., Fig. 11b. Because the latitudinal difference between Apex and dipole coordinates of a given point is larger in lower latitudes, this result is consistent with the interpretation that the magnetic ripples are small-scale field-aligned current structure which is generated in lower ionosphere by a dynamo process. However, the ratio for electron density fluctuation, δNe, tends to be larger in the case of no tracing (Fig. 11b) than that of tracing (Fig. 11a). This suggests that the mechanism which generates δNe is different from that of the magnetic ripples as has been expected from Fig. 2. The electron density fluctuations, δNe, seem to be generated more directly by an atmospheric wave propagated vertically upward to the satellite altitude.
Figure 11b and c are respectively the cases of heavy rainfall (> 5 mm/h) and of weak rainfall (0 < rainfall < 5 mm/h) vertically below the satellite, i.e., without geomagnetic field-line tracing to 120 km altitude. A comparison of the ratios for δNe in Fig. 11b and c support the above suggestion because the ratios of δNe are larger for heavy rainfall cases than the cases of weak rainfall cases when we use the GSMaP data directly under the satellite location. The location of magnetic ripples appears more equatorward than the location of electron density fluctuations in Fig. 2. This latitudinal shift is also consistent with the idea of vertically upward propagation of the waves to the Swarm satellite altitude and the generation of the electron density fluctuations there.
Conclusion
The global distribution and its seasonal variation of magnetic ripples and electron density fluctuations on the dayside have similarities with distribution of rainfall estimated by the GSMaP as seen in Figs. 3, 4, and 5. These similarities suggest a connection between lower atmospheric disturbance indicated by rainfall as a proxy of atmospheric disturbance and ionospheric disturbance. However, such similarities do not necessarily mean their causal relationship.
We calculated the ratio of their magnitude, i.e., amplitude of magnetic ripples or electron density fluctuations in rainfall cases to those in no-rainfall cases. Although the longitudinally averaged ratio is not very large but around 1.1–1.2 in ± 10°– ± 50° Apex latitudes, it is clearly larger than 1.0. The ratio increases when the intensity of rainfall (mm/h) increases as shown in Fig. 9 and Fig. 11. These facts indicate the existence of some physical sequence for the generation of magnetic ripples and electron density fluctuations where the rainfall process is included. The source of the lower atmospheric waves could be a cumulous convection (Aoyama et al. 2017) and/or a pressure variation which is driven by falling raindrops (or ice grain) above a strong rainfall region. That is, a pressure decrease above strong rainfall could cause a rarefaction wave which propagates upward as an acoustic wave.
As for the mode of atmospheric waves, i.e., acoustic wave or internal gravity wave, acoustic mode has been suggested as the main driver of magnetic ripples (e.g., Iyemori et al. 2015). The results of larger amplitude ratio for magnetic ripples when we use the rainfall location traced along geomagnetic field line from satellite location to an altitude, 120 km, than no-tracing (Fig. 11 a and b) support the idea of acoustic mode because an acoustic wave can propagate vertically upward but an internal gravity wave can propagate upward only with some inclined angle and tends to spread horizontally making the spatial correlation weaker. About 90 min or more is necessary for internal gravity waves to travel to the satellite altitude around 500 km. This could also make the correlation with satellite observation weaker. On the other hand, the acoustic wave can propagate vertically upward and reach satellite altitude within about 20 min. Therefore, the acoustic waves have more chance to show the correlation between rainfall and satellite observation above the rainfall area. On the possible time delay between a rainfall and appearance of its effect in the ionosphere, we checked it by shifting the time (hours) from zero to three hours. Although not shown in this paper, the result showed that no time shift case gave the highest ratio in most latitudes although the difference is not very large. Therefore, we didn't shift the time between the GSMaP and the Swarm observation.
As for the electron density fluctuations, the ratio is larger for no-tracing case in lower latitude (Fig. 11a and b). The ratio is larger for heavy rain case as seen from Fig. 11b and c. These facts and the latitudinal shift between magnetic ripples and electron density fluctuations shown in Fig. 2 suggest that the electron density fluctuations are more directly generated by the waves propagated vertically upward to the satellite location from lower atmospheric source region. This support the idea that the acoustic mode waves are the cause of the electron density fluctuations. Although such cases having correspondence with latitudinal shift are frequently observed, there also exist more cases without the correspondence. Therefore, to make this point clear, more event study on the latitudinal shift between magnetic ripples and electron density fluctuations is necessary.
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Appendix
Non-natural variation in the Langmuir probe electron density data: A systematic variation apparently not natural phenomenon typically shown in Fig. 12 often appears in the electron data set used in this paper. Fig. 13 shows the period and local time plot where such non-natural variations are detected by eye-inspection. We excluded the days when the non-natural variations were detected in the dataset that covers ± 50° dipole latitudes.[image: ]
Fig. 12A typical example of "non-natural" variations appeared on Sep. 22 (Swarm-A) and Sep. 24 (Swarm-C). The appearance is similar for SW-A and SW-C but 2 days shifted for SW-C. The upper panels show the Ne and δNe, and the lower panels show the magnetic ripples (black line) and δNe (green line). Geographic latitude and longitude are used

[image: ]
Fig. 13The period and local time where the non-natural δNe variations appear. All the data from March 2014 to July 2020 were eye-inspected using the plots similar to Fig. 12 to detect 'non-natural' variations


Their characteristics are as follow:	1.
It starts to appear with small amplitude and narrow latitudinal width at almost the same geodetic latitude on a daily plot like Fig. 12.

 

	2.
It appears in the data from both Swarm-A and -C. However, it appears with a few days delay. It appears also in the data from Swarm-B, however, the period is different from that of Swarm-A and -C.

 

	3.
During a day, the variations appear approximately at the same geographic (geodetic) latitudes as seen in Fig. 12. Similar variations appear in the data from the SW-C (right panel), 2 days later than the date for SW-A (left panel). These variations appear for several days or for a few weeks changing the latitude, amplitude and latitudinal pattern.

 

	4.
They tend to appear in pre-noon, afternoon, after sunset and before dawn (Fig. 13).

 

	5.
About 1/3 of the orbit in middle and low latitudes contain such non-natural variations. That is, 71,933 half-orbits in total 204,395 half-orbits include such non-natural δNe variations (Fig. 13).
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